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Mount Improbable rears up from the plain, lofting its peaks dizzily to the 
rarefie6slcy. ¶The towering, vertical cliffs of Mount Improbable can never, it seems, be 
climbed: Our mountaineers are too ambitious. So intent are they on the perpendicular  
drama of the cliffs, they d' not think to look  round the other side of the mountain. 
fiere they woull find: not vertical cliffs and echoing canyons but gently 
inclined: grassy meadows, graded steatlily and easily towards the &stant uplanuIc. 
Occasionally a smal4 rocky  crag punctuates the gradual ascent, but you can usually 
firula detour that is not too steep. The sizeerizqgnt of the peak doesn't matter, so long 
as you don't try to scale it in a single bound Locate the mihIly sloping path and the 
ascent is only asformidTable as the net step. 
by Richard Dawkins, 1996. Climbing mount improbable. 
T.icerpts from Ciiapter3 - I7vless age from the Mountain 
"The more I learn, the more I learn how little I know." 
Socrates (469-399 fB.C.E.) 
ABSTRACT 
Breeding programs have been used to improve livestock performance by selecting for 
traits of economic importance. However, as traits for prolificacy tend to have a low 
heritability, are sex limited and are expressed only in mature animals, improvement has 
been slow. The chromosomal locations that control these traits for which there is a 
continuum between high and low performing animals, are termed Quantitative Trait 
Loci (QTL). Three-generation pedigrees, in which the founders were Meishan and 
Large White purebred pigs, were used to identify QTL for female reproductive 
performance. The Chinese Meishan is one of the most prolific pig breeds known, 
farrowing up to five more piglets per litter than the European commercial Large White 
breed. However, the Meishan is not commercially viable in Europe due to its poor 
growth rate and high carcass fat content. Therefore, including the beneficial alleles 
from the Meishan into the Large White breed is of commercial relevance. 
QTL for ovulation rate, teat number, age at puberty and uterine capacity have been 
mapped to chromosome 8 (SSC8) in earlier studies. The aim of this study was to focus 
specifically on SSC8 and to identify and test candidate genes for the QTL. The 
genotypes of twenty markers on SSC8 were combined with data collected on the 
reproductive performance of 220 F2 females. QTL for the related traits of litter size and 
prenatal survival were identified at the distal end of the q arm. The beneficial alleles at 
these QTL seem to be from the Meishan and that is consistent with the fact that this 
breed delivers larger litter sizes through higher levels of prenatal survival at a given 
ovulation rate. 
The QTL for prenatal survival was defined as a region of about 30 cM and therefore 
contains many positional candidate genes, but only a few of these have been mapped in 
pigs. Human chromosome 4 (HSA4) shares extensive homology to SSC8. A gene map 
of SSC8 was developed by radiation hybrid mapping in order to align the human 
genome sequence of HSA4 with the QTL and thus identify comparative positional 
candidate genes. The resulting comparative map revealed extensive conservation of 
synteny and gene order. One positional candidate gene, secreted phosphoprotein 1 
(SPPJ), is also a physiological candidate gene as the protein is involved in porcine 
embryo implantation and maintenance of pregnancy. 
A copy of SPPJ ( 10 kb) from both Meishan and Large White origin was sequenced to 
identify candidate causal variation. A total of 97 variants, including single nucleotide 
polymorphisms (SNPs) and sequence insertions and deletions were found. Three of the 
SNPs would result in non-synonymous amino acid changes. Expression of SPPJ is 
controlled mainly by posttranslational modification and for one of these SNPs the 
Meishan allele encodes a serine, which would be phosphorylated and the Large White 
allele encodes a proline, which would not. To test whether the variation at this 
particular locus resulted in differences in litter size, the SNP was genotyped over 2974 
pigs of varying breed origin. No association was identified between genotypes at this 
locus and litter size. 
Evidence for genetic variation associated with litter size in or close to the SPPJ gene 
comes from two other independent studies in which SPP1 was used as the genetic 
marker. Future work could therefore involve typing further candidate SNPs in the SPPJ 
gene to identify whether there is a causative mutation in this gene. Furthermore, 
(li1-i(n21 nn tcn,1 (n 	 anc rrii1A hp tcti1 frr '211cl ,ri,firn 
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1.1. Genome mapping projects 
The characteristics and performance of humans and animals are controlled by their 
genetic make-up, inherited from their parents and determined by external 
environmental influences. The proportion of the observed phenotypic variance, 
which is genetic in origin, rather than environmental, is defined as 'heritability'. By 
identifying genetic variation across a species genome, it is possible to gain a better 
understanding of the contributions of nature and nurture to physical and behavioural 
traits (Chakravarti, 2001). Indeed the last few decades have seen a rapid advance in 
our understanding of the highly complex genetic control of many traits in various 
species through whole genome mapping, sequencing and gene-expression studies. 
To date the whole genomes of many viruses, naturally occurring plasmids, 
organelles, eubacteria, yeast, plants and animals have been sequenced. Specific 
examples include the completion of the genome sequence for the eubacteria 
Escherichia coli in 1997 (Blattner, 1997), for the worm Caenorhabditis elegans in 
1998 (The Arabidopsis Genome Inititive, 1998), the fruit fly Drosophila 
melanogaster and the flowering plant Arabidopsis thaliana in 2000 (Adams et al., 
2000 and The C. elegans Sequencing Consortium, 2000), the human in 2001 (Lander 
et al., 200 1) and finally the rice Oryza saliva and the mouse in 2002 (Yu et al., 2002 
and (Waterston et al., 2002). 
1.1.1. Humans 
The goal of the human genome project has been to map and sequence the whole 
genome and it has been said to be one of the most important projects in biology and 
the biomedical sciences that will permanently change both of these fields (Collins et 
al., 1998). The last century of scientific progress began with the discovery of 
Mendel's laws of the genetics of inheritance in the early 1900s and the current 
century started with the completion of the draft sequence of the whole genome in 
2001. 
1 
Early geneticists realised that chromosomes mediate the transmission of Mendelian 
inheritance but they found it hard to comprehend how the featureless material of 
"chromatin" could control the development of a unique human being (Olson, 2002). 
Then in 1953 James Watson and Francis Crick described the double helix structure 
of deoxyribonucelic acid (DNA), which explained its ability to self-replicate and to 
direct the synthesis of proteins via the four nitrogenous organic bases (adenine, 
cytosine, guanine and thymine) (Watson and Crick, 1953). 
Soon afterwards the mechanisms of transcription of genes via messenger ribonucleic 
acid (mRNA), the transfer of this mRNA from the nucleus to the cytoplasm of the 
cell and translation for the assembly of proteins were described. The triplet genetic 
code underlying protein synthesis was revealed in 1966 by Robert Holley, Har 
Gobind Khorana and Marshall Nirenb erg (Wagner, 1994). Finally, in the last quarter 
of the 20th century there were major developments in recombinant DNA technology, 
which resulted in a rapid advance in the knowledge of genes and their organisation 
within the genome. This progress led to the development of the human genome 
project in the 1980s. 
The initial strategy of the project was to map the genome, using both linkage maps of 
polymorphic markers at around 2-5 cM intervals and high resolution physical maps 
of all 24 chromosomes by the construction of contig maps of overlapping clones 
(Olson, 2001 and McPherson et al., 2001). The international human genome 
sequencing consortium then selected clones from this whole genome bacterial 
artificial chromosome (BAC) physical map to be sequenced and to produce the draft 
sequence of the whole genome. It was ensured that there was at least a seven-fold 
sequence coverage of each region (Lander et al., 2001). 
The draft sequence of the human genome produced from pooled DNA from many 
anonymous individuals, was published by the international human genome 
sequencing consortium, a collaborative of twenty groups in United States, United 
Kingdom, Japan, France, Germany and China in February 2001 (Lander et al., 2001). 
In addition the private company Celera Genomics published a working draft of the 
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DNA sequence in the same month (Venter et al., 2001). At the time the haploid 
genome of 3.2 x109 base pairs (bp) (Alberts et al., 2002) was 25 times larger than any 
other genome sequenced. Repeat sequences that do not encode proteins make up at 
least 50 % of the whole genome (http://www.ornl.govfhgmis/proiectlinfo.html) . 
Indeed the size, complexity and large number of repeats within the human genome 
presented many challenges for sequence assembly (McPherson et al., 2001). 
The draft sequence covered around 94 % of the genome and over 30 % was high 
quality finished sequence. It was estimated that the total number of genes is around 
30-35,000, only about twice as many as a worm or fruit fly. However in humans 
there is believed to be more alternative splicing of transcripts, leading to an increase 
in the number of different protein products (Lander et al., 2001). It was fascinating 
to learn that the largest known human gene is dystrophin at 2.4 million bases and 178 
exons (Alberts et al., 2002). It is hoped that the entire working draft will be finished 
to a high quality during 2003, coincidently the 50-year anniversary of the discovery 
of DNA (htft, ://www.ornl.gov/hmis/r,roject/info.html).  
Interestingly 99.9 % of all nucleotide bases are identical in all people 
(http://www.ornl.gov/hgmis/nroject/info.html) . One class of sequence variation is 
Single Nucleotide Polymorphisms (SNPs) and they are especially valuable for 
understanding phenotypic variation between individuals, in particular for disease 
susceptibility and even for tracing human history. Sachidanandam et al. (2001) 
published a map of 1.42 million known SNPs at a density of 1 SNP per 1.91 kb and 
they describe how genetic diversity can be characterised not only in terms of 
individual polymorphisms, but also as specific combinations of alleles (haplotypes) 
at closely linked sites. The coverage of SNPs across the genome was found to be 
uneven, with SNP deserts and long regions of linkage disequilibrium representing a 
few haplotypes (Cardon and Bell, 2001). Indeed it is becoming more common to 
utilise haplotype blocks in genome-wide linkage disequilibrium (LD) association 
studies, rather than classical linkage mapping to locate genes/loci controlling 
complex traits (Cardon and Bell, 2001). In humans these markers are ideal in the 
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search for genetic loci controlling trait variation in an out-bred species where 
experimental crosses are not possible (Chakravarti, 2001). 
The trait of most interest to humans and medicine is susceptibility to disease. The 
variation in genome sequences underlies differences in susceptibility to many types 
of diseases, age of onset, severity of the illness and the way our bodies respond to 
treatment. Prior to studies utilising genomics, variation in disease traits tended to be 
investigated for one gene at a time, with the gene typically chosen on physiological 
grounds (see section 1.3.2). However many diseases are complex and are controlled 
by several genes and therefore it is now possible to compare the patterns and 
frequencies of SNP genotypes in patients and controls and to determine which SNPs 
are associated with specific diseases (Collins et al., 1997). Ultimately this research 
may lead to the use of "personalised genetic medicine", a prospect which will 
dramatically change all aspects of the treatment of inherited diseases (Chakravarti, 
2001). 
The future of genomics in humans and other species lies in comparative and 
functional genomics studies. The transfer of information from humans to less well 
studied species and also the comparison of human sequence patterns to those of well 
studied model organisms, for example mice; are both very powerful approaches for 
the identification of genes across species and for determining their function. In 
addition gene-expression studies involving transcriptomics and proteomics allow the 
function of active genes to be understood and when, where and under what 
conditions the genes are expressed. This understanding will be particularly 
important in drug design studies. 
1.1.2. Mice 
An understanding of the genome of the laboratory mouse (Mus musculus) has many 
potential benefits. The mouse has been one of the most studied animals and has 
often been used as an experimental model for understanding the genetic control of 
many human traits, in particular disease susceptibility. Key advantages of this 
species are that controlled breeding populations can be created very rapidly and also 
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mutations can be created deliberately either by random mutagenesis or more 
importantly by directed engineering of the genome through transgenic, knockout or 
knockin techniques (Copeland et al., 2001). The effect of these mutations on the 
physiology and behaviour of the animals can then be studied (Coghlan and Cohen, 
2002). The first transgenic mouse was created in 1982 by a team led by Richard 
Palmiter and Ralph Brinster. They fused elements of a gene that can be regulated by 
dietary zinc to a rat growth-hormone gene, and injected it into fertilized mouse 
embryos. The resulting transgemc mice, when fed with extra zinc, grew to be 
considerably larger than controls (Palmiter et al., 1982). 
A high quality draft sequence of the mouse genome was published in 2002 
(Waterston et al., 2002). 95 % of the total genome was sequenced and its overall size 
was estimated to be 2500 Mb (Coghian and Cohen, 2002), that is around 700 Mb 
smaller than the human. The difference in size between the two genomes possibly 
reflects a higher deletion rate in the mouse lineage (Waterston et al., 2002). The 
sequence was assembled from pooled DNA from female mice of the C57BL/6J strain 
and had roughly a seven-fold coverage {Waterston, 2002 375 /id}. Therefore the Y 
chromosome still remains to be sequenced (Coghlan and Cohen, 2002). In addition 
around 80,000 SNPs have been revealed so far, by comparing the sequence with 
other mouse strains. These have revealed that genetic variation among strains occurs 
in large blocks, mostly reflecting the contributions of the two subspecies to 
laboratory strains, Mus musculus domesticus and Mus musculus musculus (Waterston 
et al., 2002). 
By using comparative genomics this mouse genome sequence provides vital 
information for understanding the human genome, in much more detail than is 
possible with the human sequence alone. Indeed one such comparison revealed 1200 
previously unidentified human genes. In addition many small segments of the mouse 
and human genomes, that do not contain protein-encoding genes, have been shown to 
be conserved. This preservation throughout evolution suggests that these segments 
play important roles and it is possible that they may be responsible for maintaining 
the structure of chromosomes or regulating gene expression (Coghlan and Cohen, 
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2002). Because the two genomes are distant in evolution, the divergence rate is high 
enough to be able to separate out functionally important elements by their degree of 
conservation (Waterston et al., 2002). 
Even though mice and humans are separated by around 100 million years of 
evolution (Janke et al., 1994), the mouse genome has also been predicted to contain 
around 30,000 genes and only 300 genes (-4 %) are unique between these species. 
These 300 are mainly immunity, reproduction, detoxification and olfactory genes 
(Coghian and Cohen, 2002). 
It is certainly very interesting and useful to compare genome structure and sequences 
across species. Indeed researchers now plan to sequence the genome of a species 
that is the closest relative to the human, the chimpanzee (Pan troglodytes), in order 
to achieve a better understanding of our own genome and evolutionary history 
(Olson and Varki, 2003). The last common ancestor of chimpanzees and humans 
existed only around 5 million years ago and it is hoped that sequence comparisons 
will help us to understand what types of genetic change account for the emergence of 
a new species (Olson and Varki, 2003). 
1.1.3. Livestock 
Genome projects are in progress for all the major livestock species including pigs, 
chickens, cattle and sheep in both Europe and the USA. The traits of most interest in 
genomics studies in humans concern susceptibility to disease. However in livestock 
it is performance traits such as meat quality, reproductive efficiency and milk 
composition that have been studied in most detail. Although more recently the 
emphasis of research is moving towards more complex traits that traditionally 
breeding companies have had great difficulty selecting for, such as behaviour and 
disease resistance. 
The majority of these economically important livestock traits display quantitative 
variation within populations or between lines or breeds. This variation is said to be 
quantitative because it cannot be classified into discrete classes in Mendelian 
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proportions; the trait displays a continuum between high and low performing animals 
(Haley and Andersson, 1997). This type of variation is usually controlled by several 
loci throughout the genome and the individual loci are known as quantitative trait 
loci (QTL). 
There are two Mendelian laws of inheritance, which state that each allele has an 
equal chance of being passed onto the next generation ('equal segregation' law) and 
that an allele transmitted for one gene has no influence on those transmitted for other 
genes ('independent assortment' law) (Archibald and Haley, 1998). The fact that 
groups of genes are found together on chromosomes challenges Mendel's 
assumptions of the independence of genetic factors and genetic linkage clearly 
deviates from these laws. The closer the markers are together, the less likely they are 
to be separated by recombination at meiosis and the more likely they are to be 
genetically linked (Archibald and Haley, 1998). 
Linkage mapping involves following the separation of marker alleles through the 
generations. This is done in order to establish whether or not alleles at a single locus 
co-segregate with alleles at other loci (Archibald and Haley, 1998). Where a QTL 
for a particular trait is closely linked to these genetic markers, the alleles at that 
marker will appear to be associated with differing levels of performance in the trait 
of interest. 
A common strategy of mapping projects in livestock has been to construct reference 
genome-wide linkage maps of genetic markers throughout the genome, using 
experimental crosses (Rose, 1991). These crosses tend to be between breeds 
divergent in the production trait(s) of interest, for example Meishan crossed with 
Large White pigs and broilers crossed with layer strains of chickens. The frequency 
with which marker alleles separate across the generations, as a result of 
recombination, is calculated. This recombination distance (recombination fraction 
(r.)) is measured in centiMorgans. Where two markers are 1 cM apart, there is a one 
percent chance of recombination between them. The relationship between genetic 
and physical distances varies across the genome, but on average in mammalian 
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genomes 1 cM corresponds to 1 Mb. Although the chicken genome is about one 
third the size of the human genome in physical terms, it is of similar size in 
recombination terms. The average value across the eight macrochromosomes and 
the sex chromosomes Z and W is around 400 kb/cM. The overall physical size of the 
chicken genome, including the 30 cytologically indistinguishable microchromosomes 
is around 1200 Mb and the genetic size is around 3800 cM (Smith and Burt, 1998). 
Polymorphic genetic markers are essential for the construction of these genome 
linkage maps and for the subsequent QTL mapping studies (Archibald et al., 1995). 
Over recent years there have been major advances in marker technology. Any 
identifiable segment of DNA in the genome, which shows variation between animals, 
can be used as a marker and there are now abundant, evenly distributed markers 
throughout the genomes of several livestock species, which are easily genotyped. 
The first markers used in genome studies involved the use of restriction enzymes to 
cut the DNA at specific sites, producing fragments of DNA of varying length 
between individuals, where there is variation in the sites recognised by the specific 
enzyme(s). These are known as restriction fragment length polymorphisms (RFLPs) 
and the 'marker' fragments (alleles) of DNA can then be used to distinguish different 
genotypes and to follow the pattern of inheritance across generations (Miller, 1997). 
These RFLPs have now been mainly replaced by polymerase chain reaction (PCR) 
based markers, such as microsatellites. A microsatellite consists of a sequence of 
two to five base pairs long, repeated several times end to end, at specific sites 
throughout the genome. These highly polymorphic markers are abundant throughout 
the genome, for example there are an estimated 65,000 - 100,000 loci throughout the 
porcine genome (Archibald et al., 1995). Specific markers are chosen for 
experimental work on the basis of the degree of heterozygosity that is displayed in 
the parental generation. Informative markers tend to be selected where they have a 
level of heterozygosity of ~! 0.5, where 1 represents a fully informative marker and 0 
represents a non-informative marker (Haley and Archibald, 1992). Within a fully 
informative family, all parental alleles can be distinguished and all alleles can be 
traced through to the next generation (Lynch and Walsh, 1998). 
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Due to the longer generation intervals in livestock species, especially cattle, than for 
example in mice; the experimental crosses tend to consist of just a few generations 
from the founder animals. Therefore the amount of recombination is low and the 
regions of linkage disequilibrium around the QTL tend to be large i.e. in the order of 
several centiMorgans (cM). Figure 1-I demonstrates the difference between the 
traditional linkage analysis carried out on structured experimental crosses and 








Figure 1-1 	Schematic of the difference between a) linkage and b) 
association analyses. The region highlighted with a yellow star represents 
the functional mutation. Due to a smaller number of recombination events in 
linkage studies, the haplotype around the mutation will be much larger than 
found in association studies. In outbred random mating populations the 
mutation has been separated from the original haplotype over many 
generations. Adapted from (Cardon and Bell, 2001). 
It can be seen that with association studies from natural breeding populations, the 
mutation tends to be separated from other alleles of the original haplotype over 
several generations of recombination. Therefore the region associated with the trait 
tends to be very small, even sometimes just the gene region itself containing the 
causal mutation (Cardon and Bell, 2001). However the mapping of QTL using 
linkage studies is a crucial start point in the identification of these causal mutations, 
in particular in those species where structured experimental crosses are possible. 
Especially as these QTL regions can now be compared to homologous regions in 
more studied species such as humans and mice, where many genes have already been 
identified and mapped. 
As well as producing linkage maps, detailed physical maps of livestock species are 
also being developed, mainly from the bacterial artificial chromosome (BAC) 
libraries that are available (for example Anderson et al., 2000 and (Warren et al., 
2000). The aim of physical mapping is to locate genes or markers on specific 
regions of chromosomes. The lowest resolution physical map, a chromosomal map, 
is based on the banding patterns seen when stained chromosomes are observed under 
the light microscope (Chowdhary, 1998). In addition radiation hybrid panels are 
available for many species that allow high-resolution maps of the whole genome to 
be rapidly built. It is likely that in the future whole genomes of livestock will be 
sequenced from the BAC clones. For example a proposal has recently been put 
forward to sequence the pig genome (Rohrer et al., 2003). The pig has many 
similarities in structure and function with humans including their size, digestive 
physiology and type of diet (omnivores), propensity to obesity and they also display 
similar social behaviours (Tumbleson and Schook, 1996). This species has therefore 
often been used as a model to help understand human physiology, behaviour and 
onset of disease. 
The porcine genome is also of a similar size and structure to that of the human 
(Archibald, 1994). It is therefore believed that not only will it be useful for studies 
of porcine genetics alone, it will serve as a reference non-primate, non-rodent, 
eutherian genome. This will allow a much better understanding of the genetic 
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control of human phenotypes through the knowledge acquired from controlled 
experimental studies undertaken in the pig, especially for disease traits such as 
diabetes and also traits associated with obesity (Rohrer et al., 2003). It is hoped that 
during 2003 the genome sequence of the chicken will be completed and the company 
Metamorphix Inc currently have lx sequence coverage of the porcine and cattle 
genome and in addition sequencing of the canine genome is also now underway 
(Alan Archibald, personal communication). 
1.1.3.1. Pig genome mapping projects 
The pig (Sus scrofa) is ideal for genome mapping due to its well defined karyotype, 
large full-sib families, short generation interval (around one year) and availability of 
diverse genetic stocks (Archibald and Haley, 1990). The porcine genome consists of 
about three billion DNA base pairs contained within 18 pairs of autosomal 
chromosomes plus the sex (X and Y) chromosomes (Haley and Archibald, 1999). 
Figure 1-2 shows the porcine karyotype, which demonstrates the relative size of each 
of the chromosomes. The Giesma stain used to visualise the chromosomes reveals a 
G-banding pattern. The regions which are darkly stained generally correlate with 
DNA that is low in GC content and this indicates a lower density of genes (Alberts et 
al., 2002). 
V.. 




Figure 1-2 Photo of metaphase chromosomes stained to reveal the G-
banding pattern of the porcine karyotype (courtesy of Rostin Institute). Each 
pair of homologous chromosomes is labelled. 
The physical size of the porcine genome has been estimated at around 2770 Mb 
(Schmitz et al., 1992), the equivalent genetic distance being around 30 Morgans 
(Archibald, 1994). This is a similar size to the 3200 Mb estimated for humans 
(Alberts et al., 2002) and it is believed that the pig also has around 30,000 genes 
(Archibald, 1994). 
Characterisation of the pig genome was initiated in the early 1990s by a number of 
international consortia, as well as individual laboratories. For example the Pig Gene 
Mapping Project (PiGMaP) consisted of European laboratories, including the Roslin 
Institute in Edinburgh and the Nordic group bought together scientists in Uppsala, 
Copenhagen and Oslo. Major individual laboratories included scientists based at the 
Meat Animal Research Center in Nebraska. 
The initial aim of the PiGMaP group was to locate molecular genetic markers 
(recognisable sequences of DNA bases) that are roughly evenly spaced throughout 
the whole porcine genome. These markers were then used to construct genetic and 
physical maps of the genome. The genetic map produced of the male pig was 
approximately 16.5 Morgans, compared to the female map of around 21.5 Morgans 
(Archibald, 1995). As with all species studied, the recombination or genetic map of 
the heterogametic sex is shorter than that of the homogametic. 
These genetic maps can be used to aid the understanding of the organisation and 
action of genes controlling valuable quantitative traits, to allow for the isolation or 
manipulation of these genes. The maps can also be used for marker-assisted 
selection or introgression of genes, allowing for the direct improvement of breeding 
stock and also facilitating the study of evolutionary relationships between species. 
Three main types of breed were used to create the PiGMaP reference families. These 
are European commercial breeds (such as the Large White), the Chinese Meishan 
and European wild boar. Distinct genetic differences can clearly be seen between the 
three breeds as shown in Figure 1-3. 
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Figure 1-3 Chinese Meishan, European Wild Boar and Large White breeds of 
pig. 
The Large White is a much more 'efficient' producer than the Meishan and is 
consequently used as a commercial breed worldwide. The European wild boar, 
having not undergone artificial selection, is very different from modern European 
breeds and from the Chinese Meishan. The genetic differences between these breeds 
is the key to locating genes, which control the variation observed in economically 
important traits, such as growth rate, meat quality and litter size (Archibald, 1990). 
1.2. Marker assisted selection programs 
Artificial selection of domesticated species has been practised for centuries, with the 
breeding of animals with the most desirable phenotypes (Lande and Thompson, 
1990). It is relatively simple to improve livestock performance by altering the direct 
environment, however the resulting changes tend to be expensive and only apply in 
the short term. On the other hand genetic improvements are permanent and require 
virtually no maintenance. Once beneficial alleles at specific loci for traits of 
economic value have been shown to be associated with a positive improvement in 
those traits, it is possible to introduce marker-assisted selection (MAS) or marker-
assisted introgression (MA!) within commercial breeding populations (Georges, 
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1999). Specific genes identified by positional cloning or within QTL regions can be 
used as markers to select between or within breeds. Marker-assisted selection 
describes where beneficial alleles are selected within the population and the 
frequency of that allele changed and marker-assisted introgression is where new 
alleles are introduced from another breed or population (011iver, 1998). An example 
of marker-assisted introgression involved the introduction of the halothane resistance 
gene from the Large White breed of pig to the Pietran breed (Hanset et al., 1995). 
By integrating molecular genetics approaches into traditional selective breeding 
methods, it should be possible to maximise improvement in the economic value of 
domesticated livestock populations (Lande and Thompson, 1990). The major benefit 
of MAS is to be able to increase selection intensity and to have the potential to 
produce an animal with favourable alleles at several loci controlling one or more 
traits of interest. However, large-scale genotyping of piglets or even embryos is a 
significant undertaking and costs are currently too high for widespread typing of 
multiple genetic markers (Georges, 1999). 
The effect of MAS is potentially greatest for low heritable and sex-limited traits, 
where there has been limited success with traditional phenotypic strategies (Lande 
and Thompson, 1990). However it must be noted that for MAS to be successful, it is 
important that beneficial alleles for a given trait are shown to have no deleterious 
pleiotropic effects on other performance traits (Rothschild et al., 1997). Single genes 
of major effect that have been amenable to genetic engineering usually have been 
shown to have such deleterious effects. This explains why evolution in natural 
populations usually proceeds in a series of small steps (Fisher, 1958). 
1.3. Approaches towards locating specific trait loci 
1.3.1. QTL scan followed by positional cloning 
The limitation with the identification of QTL regions alone is that the markers 
associated with a certain trait in one population raised under specific environmental 
conditions, may not be associated with the trait in another population with a different 
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genetic background and recombination history. It is also possible that the allele 
identified at the marker to be favourable in one population may in fact be 
unfavourable in another. This therefore limits the success of marker assisted 
selection programs with such markers. However once the causal mutation within the 
functional gene has been identified and verified, this mutation can be used for 
selection within most populations. 
Therefore the natural follow-up to a QTL study is to attempt to locate the causal 
mutation by positional cloning and to carry out functional studies, for example to 
reveal differential expression patterns, in order to verify the causal nature of the 
variation. However locating causal mutations is a very difficult task, because the 
mutation within the QTL does not normally cause a major disruption in gene 
function, but instead the mutations cause subtle structural or regulatory changes 
(Coppieters et al., 1999). 
The first report of positional cloning of the trait gene within a QTL in an out-bred 
mammal was the identification of a missense mutation in the bovine DGAT1 gene 
with a major effect on milk yield and composition (Grisart et al., 2002). A QTL 
region of around 3 cM had previously been mapped to the telomeric end of bovine 
chromosome 14 (Farnir et al., 2002; Heyen et al., 1999; Looft et al., 2001; Riquet et 
al., 1999 and (Coppieters et al., 1998). A bovine BAC library (Warren et al., 2000) 
was then screened with microsatellite markers within the QTL and human cDNA 
clones that mapped to the orthologous chromosome region in the human. The ends 
of each BAC clone isolated were sequenced and sequence tagged sites (STSs) 
developed. These STSs were then mapped alongside the microsatellite and gene 
markers onto a bovine x hamster whole genome radiation hybrid panel (Womack et 
al., 1997) to confirm that they mapped within the QTL region and to identify their 
relative positions. A BAC contig spanning the QTL region was then constructed and 
aligned with the orthologous human HSA8q24.3 genomic "golden path" sequence 
(Lander et al., 2001) to highlight all the known genes in the region. 
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The gene DGAT1 (encoding a protein with acylCoA:diaclglycerol acyltransferase 
activity) was predicted to lie within the QTL region and was considered a strong 
positional and physiological candidate gene. The QTL affected milk fat content and 
DGAT1 is known to catalyse the final step in triglyceride synthesis, with 
triclycerides being the major component of milk lipids. In addition when the gene 
was knocked out in mice, lactation was completely inhibited (Smith et al., 2000). 
From mouse and human cDNA sequences, Grisart et al. (2002) identified three 
bovine expressed sequence tags (ESTs) within the homologous gene and used these 
to identify the intron-exon boundaries. In a previous linkage study thirteen 
heterozygous sires for the QTL had been shown to transmit an allele, which 
markedly increased the milk fat content to half of their daughters, compared to 
inheritance of the alternative allele. Grisart et al. (2002) subsequently designed 
primers to amplify and sequence the coding region of exon 1, exon 2 and the whole 
region from exon 3 to exon 17 of the DGA Ti gene from genomic DNA of the 13 
sires. Four polymorphisms were revealed in these regions and a mutation at a double 
SNP site from bases AA to bases GC in exon 8, which causes an amino acid 
substitution from lysine to alanine and the allele encoding the amino acid alanine, 
was demonstrated to be the predicted causal mutation, affecting the function of the 
enzyme and resulting in an increased milk fat content. 
All other studies to date, where a causal mutation has been identified for a trait of 
interest, the underlying genes were major genes that could be detected by Mendelian 
inheritance. Therefore the mutation was initially identified within a population and 
the gene located by various mapping strategies. The main difference with the study 
by Grisart et al. (2002) is that they identified a causal mutation within a QTL region. 
One of the earlier examples of positional cloning of a causal mutation was the 
identification of a single point mutation in the porcine gene for the skeletal muscle 
ryanodine receptor (RYRJ) associated with malignant hyperthermia (Fujii et al., 
1991). Previously Davies et al. (1988) had located the halothane locus to porcine 
chromosome 6. Malignant hyperthermia is an inherited myopathy triggered by 
inhalational anaesthetics and this is why it was originally known as the halothane 
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gene. In pigs, it is also called porcine stress syndrome, as it is triggered by stress and 
results in pale, soft, exudative pork due to post-mortem manifestations of the disease 
in susceptible animals. 
Kambadur et al. (1997) identified mutations in the myostatin (GDF8) gene related to 
double-muscling in Belgian Blue and Piedmontese cattle. This muscular 
hypertrophy (mh) phenotype results from almost a doubling in the number of muscle 
fibres and the autosomal recessive mh locus controlling this condition had been 
mapped by Charlier et al. (1995) to the centromeric end of bovine chromosome 2. 
The locus was then refined by Casas et al. (1998) to a 3-5 cM interval using a 
comparative mapping approach and the myostatin gene mapped within this interval 
(Smith et al., 1997). This gene is known to be expressed in adult skeletal muscle as 
well as during development, however Kambadur et al. (1997) demonstrated that 
there was no difference in the level of expression of the gene between normal and 
Belgium blue animals at various stages of development. 
The key finding was that mice with a copy of the GDF8 gene with exon 3 missing, 
the part of the protein which is highly conserved among the TGF- 0 super family of 
genes, displayed a phenotype similar to double muscling in cattle (McPherron et al., 
1997). Kambadur et al. (1997) obtained a cDNA clone of bovine myostatin from a 
normal animal and compared it to mouse eDNA sequence and confirmed that the 
features common to the TGF- 0 super family were also conserved in cattle. A 
number of different mutations in the cattle GDF8 gene have been identified. In the 
Belgium Blue breed an 11 bp deletion in the open reading frame was detected, which 
causes the loss of three amino acids and a frame shift resulting in a premature stop 
codon and a truncation of the protein, such that the conserved TGF- 0 region is not 
translated. In the Piedmontese cattle, a single base pair mutation results in a change 
from a cysteine to a tyrosine, which alters one of the conserved residues. It therefore 
appears that it is reduced activity of the resulting mutants of myostatin that results in 
a loss of control of muscle growth and that myostatin is a negative regulator of 
muscle growth in cattle and mice (Kambadur et al., 1997). 
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A mutation in the callipyge gene, which causes muscular hypertrophy, with 
associated leanness and improved feed efficiency, has recently been identified in 
sheep. Expression of the callipyge phenotype is the only known case in mammals of 
paternal polar overdominance gene action, i.e the only genotype that expresses the 
muscular hypertrophy is where the mutant callipyge allele is inherited from the sire 
and a normal allele from the dam (Freking et al., 2002). Cockett et al. (1994) had 
used comparative mapping to locate the locus to ovine chromosome 18. A single 
base mutation responsible for the callipyge phenotype was subsequently identified, 
but its mode of action remains unknown (Freking et al., 2002). The detection of the 
mutation was from an inbred ram of callipyge phenotype postulated to have inherited 
chromosome segments identical-by-descent. 
1.3.2. Physiological candidate gene approach using association 
studies 
An alternative approach for identifying loci underlying traits of interest is to test 
known physiological candidate genes within association studies. There have been 
several recent examples of such studies of single candidate gene loci, in livestock 
species, for traits of economic importance. These include the association of a 
polymorphism within prolactin receptor gene (PRLR), which maps to porcine 
chromosome 16 and litter size in a Polish Landrace breed (Kmiec et al., 2001) and 
PlC lines of Landrace, Duroc, Landrace/Pietran and Meishan/Large White origin 
(Rothschild et al., 1998). In the study by Kmiec etal. (2001), there was seen to be an 
allele substitution effect at a SNP encoding an amino acid change, with a difference 
of 0.35 piglets between the two classes of homozygotes (P <0.1). However the 
standard threshold of statistical significance is usually P <0.05 and therefore this 
association could be questioned. In addition a one-way ANOVA was used and 
although the data were corrected for the year of birth of the litter, no additional 
influential factors on the phenotype were included in the analysis. Rothschild et al. 
(1998) also found a relatively small difference between homozygous sows of 0.25 
piglets. 
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Interestingly Drogemuller et al. (2001) found a difference of more than one pig per 
litter between the two homozygous genotypes for a polymorphism within PRLR gene 
of a Duroc line. However the association analysis showed no significant association 
of the PRLR locus with litter size. In addition van der Steen et al. (1997) identified a 
significant allele substitution effect of a microsatellite marker within the gene, 
secreted phosphoprotein I (SPP1), and litter size in pigs. Van der Steen et al. (1997) 
describe an additive effect of between 0.41 and 0.95 piglets per allele copy. They 
suggested that the SPPJ microsatellite marker must be linked to a QTL for litter size 
and that if SPP1 is not the causal gene itself, then there could be a causal locus in LD 
with the microsatellite. 
To date the locus found to display the most significant effect on litter size in pigs was 
a polymorphism within the oestrogen receptor gene (ESR) located on porcine 
chromosome 1. Sows of 50 % Meishan origin (PlC line) homozygous for the 
beneficial allele farrowed an extra 2.3 piglets in the first parity and an average of 1.5 
piglets across subsequent parities (Rothschild et al., 1996). Short et al. (1997) 
confirmed the finding in a study of 4,262 sows with a total of 9,015 litter records. 
They found that the total number of piglets born was increased by 0.42 piglets per 
favourable allele of ESR. Gibson et al. (2002) tested the same polymorphism as 
described by Rothschild et al. (1996), with various sow productivity traits including 
ovulation rate and litter size, in an independent Meishan x Large White population. 
However in this population the effect of genotype at the bialleic polymorphism tested 
within ESR was found not to have a significant effect on any of the traits tested. In 
addition Rohrer et al., 1999 and Drogemuller et al., 2001 also failed to detect an 
effect of this specific polymorphism within ESR on litter size in their Meishan x 
Large White and Duroc x Large White populations respectively. 
Due to the variation in association seen between populations, it is likely that the 
polymorphism identified within an intron of ESR by Rothschild et al. (1996) and 
Short et al. (1997) is in linkage disequilibrium with the causal mutation influencing 
litter size within the specific populations that they studied. As mentioned in section 
1.3.1 it is vital to identify the causal mutation within the functional gene in order to 
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use this information for targeted selection programs within various pig breeds and 
populations. Keightley and Knott (1999) describe an analysis which tests whether 
QTL identified for similar traits across two independent studies are in fact the same 
QTL segregating in both populations. 
Another example of a study in pigs was the association between leptin and back fat. 
Leptin mRNA levels are greater in adipose tissue from obese pigs than lean pigs 
(Robert et al., 1998) and therefore this gene was believed to be a strong candidate for 
the control of production traits such as back fat thickness and growth rate. Indeed 
two polymorphisms within the leptin (LEP) gene were found to be associated with 
feed intake (P <0.01) and growth rate (P <0.01) traits in the Landrace breed (Kennes 
et al., 2001). 
In Holstein cattle an association was found between the growth hormone (GB) and 
growth hormone receptor (GHR) loci and milk yield traits (Vukasinovic et al., 1999 
and (Aggrey et al., 1999). Aggrey et al. (1999) tested three polymorphisms within 
GHR for association with the breeding values for milk yield and fat and protein 
content in 301 Holstein bulls using least squares methods. Bulls homozygous for 
one of the alternative alleles at one of the polymorphisms had a higher estimated 
breeding value (EBV) for milk fat content than both heterozygous and homozygous 
bulls for the alternative allele (P <0.01). At the second polymorphism, homozygous 
bulls for one allele had a higher EBV for both milk fat and protein content (P <0.01) 
than heterozygous bulls and the third polymorphism showed no association with 
milk-related traits. Vukasinovic et al. (1999) tested 553 Holstein bulls and they 
suggest that the bovine growth hormone locus is linked to a QTL that effects the 
EBV of milk protein percentage. 
A study by Gavora et al. (199 1) found an interesting association between ev genes at 
over 20 loci throughout the genome and reduced egg production rate, weight and 
quality in White Leghorn chickens. The genomes of virtually all chicken populations 
contain DNA sequences orthologous to avian leukosis virus (ALV) DNA inherited as 
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stable genes; these genes are known as endogenous viral (ev) genes (Sabour et al., 
1992). 
Recently there have also been many examples of allele association analyses of single 
loci within candidate genes and human disease traits. One such example was 
described in a study by Vasseur et al. (2002), who investigated the genetic risk of 
type 2 diabetes in French Caucasians. They found a strong association between a 
haplotype of SNPs 5' of the coding region and also at least one non-synonymous 
mutation in exon 3 of the APM1 gene from DNA samples of individuals with type 2 
diabetes. Within the regression analysis used to test for association they corrected 
for the effects of age, sex and body mass index. The gene APM1 encodes for 
adiponectin, which modulates insulin sensitivity and glucose homeostasis. The level 
of this protein in plasma is decreased in both type 2 diabetes and obesity. 
However due to over interpretation of results and poor study design the literature is 
also teeming with reports of association studies mainly in humans, that either cannot 
be replicated or for which corroboration by linkage has been impossible to find 
(Cardon and Bell, 2001). It is vital that robust statistical analyses are carried out, 
which account for all factors of variation on the trait, such as environment and 
genetic background and do not only investigate the gene locus in isolation. 
Many association studies tend to investigate single loci that have been identified as 
putative candidate genes. In contrast SNP-based genome-wide association analyses 
are possible and in theory relatively straightforward. There are still however many 
technical and statistical obstacles. The technique needs to be reliable and efficient to 
type a large number of markers over the individuals of interest. The difficulties 
encountered with the analysis is that it must be able to detect small contributions to 
the phenotype from several genes or loci, whilst allowing for the inherent false 
positive error rate involved when testing such a large number of markers. It is also 
important to consider the importance of gene-gene or gene-environment interactions 
on the control of complex traits (Cheung and Spielman, 2002). The problem with 
quantitative characteristics is that where genes or loci are identified to have a 
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relatively small effect on that trait it can be difficult to ascertain their exact role 
within what can be a complex pathway of physiological control. 
1.4. Female reproductive traits 
The reproductive productivity of livestock depends on a complex of physiological 
pathways. The main factors of female fertility are the oestrus cycle, ovulation rate, 
conception rate, embryo survival, number of offspring at parturition and the weaning 
to oestrus interval (Merks et al., 2000). All of these traits are heritable, although in 
general they tend to display a low level of heritability. For example in pigs the 
heritability of litter size has been estimated to be between 0.05 and 0.15 (Alfonso et 
al., 1997; Hanenberg et al., 2001; Johnson et al., 1999c; Kerr and Cameron, 1996). 
The estimate for embryo survival rate is similar at 0.14 and ovulation rate is higher at 
0.24 (Johnson et al., 1999c). 
Genetic improvement of sow fertility was only really considered after the late 1980s, 
prior to which there was seen to be very little response as a result of selective 
breeding alone (011ivier and Bolet, 1981). The application of Best Linear Unbiased 
Prediction (BLUP) and the use of family information within large populations 
resulted in improvements of 0.1-0.2 piglets per year during the 1990s (Merks et al., 
2000). An understanding of the genetics underlying these quantitative traits in all 
livestock species should allow targeted selection and more significant improvement 
than has been possible to date. 
1.4.1. Mapping of quantitative trait loci (QTL) and candidate 
genes 
1.4.1.1. Sheep 
The Booroola fecundity gene (FecB) has been known for a few years to map to sheep 
chromosome 6 and was believed to lie close to the SPPJ gene (Montgomery et al., 
1 995b). FecB is associated with an increased ovulation rate of around 1.3-1.6 ova 
per copy and a subsequent improvement in litter size of around one extra lamb 
22 
(Montgomery et al., 1992). Recently Wilson et al. (200 1) and Souza et al. (200 1) 
identified the causal mutation in the ovary expressed bone morphogenetic protein I  
receptor (BMPR1B) gene in Booroola sheep. 
BMPR1B is the second gene discovered in the TGF-f pathway to affect ovarian 
function and fertility in sheep, the first being the Inverdale gene on sheep 
chromosome X, which displays a mutation in the coding region of the BMPJ5 
(GDF9b) gene (Galloway et al., 2000; Otsuka et al., 2000). A copy of the mutation 
results in an increased ovulation rate and twin and triplet births in heterozygotes, 
however homozygotes with two copies of the mutation display ovarian failure and 
infertility (Galloway et al., 2000). Indeed several members of the TGF-13 super 
family, such as the inhibins and activins, MUllerian inhibiting substance, BMP8a, 
BMP8a and GDF9 have been implicated as important regulatory factors in 
mammalian reproduction (Dube et al., 1998). 
Mandiki et al. (2000) identified a similar gene to the Booroola fecundity gene in the 
prolific Cambridge breed of sheep, where ovulation was increased in carriers. It has 
been named the Cambridge fecundity gene and it would be interesting to know 
whether it is due to the same causal mutation as the one found in BMPR1B. 
Another gene for fecundity was proposed in Icelandic sheep, where all multiple 
births on a farm were traced back to a single ewe named "Thoka" (Jonmundsson and 
Adalsteinsson, 1985). This putative major gene (Thoka) was introduced into Cheviot 
sheep in the UK resulting in a mean litter size of 1.85 lambs per litter, as compared to 
1.26 lambs reported for a normal Cheviot flock (Walling et al., 2002 and (Russel et 
al., 1997). Walling et al. (2002) used segregation analyses to confirm the presence 
of a major autosomal gene for litter size in Thoka Cheviot sheep, with an additive 
effect of an increase in litter size of 0.70 lambs per copy of the gene. 
The gonadotrophin-releasing hormone receptor gene (GNRHR) was mapped by 
Montgomery et al. (1995a) to sheep chromosome 6. GnRH binds to GNRHR on 
cells of the pituitary gland to stimulate the synthesis and release of follicle- 
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stimulating hormone (FSH) and luteinising hormone (LH), both key factors in the 
control of folliculogenesis (Montgomery et al., 1992). At one time GNRHR was 
believed to be a candidate gene for the Booroola mutation. However GNRHR was 
shown by Montgomery et al. (1 995 a) to map outside the region of the Booroola 
locus. 
1.4.1.2. 	Cattle 
Reproductive performance is particularly important to the cattle industry and Kappes 
et al. (2000) state that reproductive traits are twice as economically important as 
production traits. The desire is to select bulls that will sire daughters that produce 
twins rather than single calves. However there are a number of problems associated 
with twinning that need to be considered. These include a greater incidence of calf 
mortality, dystocia, calf abandonment and an increased occurrence of freemartin 
heifers. This is where the chorionic blood vessels fuse between two fetuses of each 
sex and as a consequence müllerian inhibiting substance is transferred from the male 
to the female and this suppresses the differentiation of the female reproductive tract 
and consequently the females are sterile (Kappes et al., 2000). It is likely that this 
issue is not so important in the beef industry as it might be in the dairy industry. 
Twinning rate is basically a product of ovulation rate, conception rate and embryo 
survival. Blattman et al. (1996) carried out a genome-wide search for QTL for 
ovulation rate in cattle selected for increased twinning rate and found putative 
regions on chromosomes 7 and 23, with strongest statistical support for the QTL on 
BTA7. In an extension of this study, Kirkpatrick et al. (2000) mapped additional 
markers to chromosome 7 in an attempt to refine the QTL region and to search for 
multiple QTL on- this chromosome. Using a genome wide scan, they identified 
regions on chromosomes 5, 7, and 19, that appeared to influence the estimated 
breeding value (EBV) for ovulation rate. They found no evidence for multiple QTL 
on chromosomes 5 and 19, however there did appear to be two QTL on chromosome 
7. From a search of comparative human gene maps, Kirkpatrick et al. (2000) suggest 
that there are no obvious candidate genes controlling ovulation rate in the 
homologous regions to the QTL mapped to bovine chromosome 5. The gene for the 
anti-müllarian hormone was predicted to map to a QTL region on bovine 
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chromosome 7. The QTL on chromosome 19 maps above the gene for bovine 
growth hormone mapped by Kappes et al. (1997) and this gene may control bovine 
ovulation rate (Kirkpatrick et al., 2000). 
Both Kappes et al. (2000) and Lien et al. (2000) report genome wide scans for traits 
affecting twinning rate in cattle. Kappes et al. (2000) studied a population that was 
selected for increased twinning rate and searched for loci or genes controlling 
ovulation rate. They typed 273 markers across all 29 autosomes and the X-
chromosome and found the strongest evidence for a QTL that affects ovulation rate, 
significant at the genome-wide level, at around 40 cM from the centromeric end of 
chromosome 5. 
Lien et al. (2000) measured twinning rate in a population of Norwegian cattle and 
used a genetic map of all 29 autosomes. They found potential QTL for twinning rate 
on chromosomes 5, 7, 12 and 23. As with Kappes et al. (2000), the QTL of highest 
significance was on chromosome 5 and Lien et al. (2000) also carried out a 
comparative analysis with the human genome to attempt to identify candidate genes 
in the QTL region. They predict that IGF1 (insulin-like growth factor) maps within 
the QTL region and describe it as a strong physiological candidate, due to its role in 
stimulating progesterone production and mitosis of bovine ovarian granulosa cells. 
They subsequently searched for mutations within the gene in families segregating for 
the QTL and only found mutations in non-coding regions of the gene. 
1.4.1.3. Mice 
Kirkpatrick et al. (1998) carried out a QTL mapping study in both F2 intercross and 
backcross mouse populations from lines that differed markedly in prolificacy and 
mature weight. They found strong evidence for QTL controlling increased litter size 
in the F2 intercross population on chromosomes 2, 4 and 9. 
Pomp et al. (1995) also investigated an F2 intercross population and found evidence 
for QTL with additive effects on chromosomes 3, 8, 11, 13, 18 and 19 for ovulation 
rate. They also found QTL for embryo survival on chromosomes 2, 9, 10, 11 and 19 
and for litter size on chromosomes 2, 10 and 19. The QTL of largest effect was seen 
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on chromosome 2, where individuals inheriting both alleles from the selected line 
displayed an increase in embryo survival of 13.6 % and an extra two live pups. 
Spearow et al. (1995) investigated QTL controlling genetic differences in hormone-
induced ovulation rate in contrasting strains of mice. They mapped suggestive QTL 
on chromosomes 2, 4, 6 and 9. They recently mapped these QTL for ovulation rate 
at a higher resolution, confirming QTL in the regions of central chromosome 2, 
proximal chromosome 2, central chromosome 6 and chromosome X. All were 
highly significant, displaying additive effects of 2.4 to 6.8 ova per allele (Spearow et 
al., 2000). 
1.4.1.4. Pigs 
There have been several QTL scans for female porcine reproductive performance 
traits, many of which have highlighted effects on chromosome 8. 
Rathj e et al., 1997 conducted a genome wide scan over a ten generation index line of 
Large White x Landrace pigs, selected for increased ovulation rate and prenatal 
survival crossed with a ten generation random selected line. A significant QTL for 
ovulation rate was proposed at the telomeric end of the long arm of chromosome 8 
(SSC8). This was close to the marker SW790 and displayed an additive effect of 
3.07 ovulations from the index line. They found no significant QTL for litter size or 
the number of mummified pigs. 
In a subsequent study on the same population, Cassady et al. (2001) increased the 
number of markers and analysed more animals and found evidence for a QTL 
towards the telomere of the q arm of SSC8 for age at puberty. However they could 
not confirm the QTL for ovulation rate on SSC8 found in the previous study, instead 
they identified a QTL for this trait on SSC9. They also found evidence for QTL for 
number of stillborn piglets on SSC5 and SSC 15 and for teat number on SSC8 and 
SSCI1. 
Wilkie et al. (1999) also carried out a genome wide scan, but this time in a Meishan 
x Yorkshire pedigree population. A significant QTL for ovulation rate was detected 
around the centromere of SSC8, close to the marker SW444. The QTL displayed an 
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additive effect, which contrary to expectation displayed a negative contribution from 
the Meishan. They also found significant QTL for number of stillborn piglets on 
chromosome 4 and gestation length on chromosome 9. 
Wilkie et al. (1999) also proposed suggestive loci for ovulation rate on chromosomes 
15 and 7, gestation length on 15 and 1, uterine length on 7 and 5 and litter size on 6. 
In a follow up study by Braunschweig et al. (200 1) more markers were scored across 
the same Meishan x Yorkshire population and the SSC8 centromeric QTL for 
ovulation rate was confirmed with increased confidence. However it is difficult to 
understand how the statistical support for a QTL can be improved by typing 
additional markers over the same individuals. The most efficient way to improve 
statistical power is to increase the number of animals in the study. 
Milan et al. (1998) looked at 16 chromosomes and found some evidence for QTL 
affecting reproduction on porcine chromosomes 7 and 8. The traits included 
ovulation rate, number of embryos, weight and length of uterine horn and they 
proposed the associations on chromosome 8 with ovulation rate to be in the region of 
the telomere of the q arm. The estimated allele substitution effect ranged from I to 
more than 2 corpora lutea, with the most favourable alleles coming from the Meishan 
breed. 
A more recent study by Rohrer et al. (1999) involved a multi-generation crossbred 
Meishan-Large White composite resource population. Again a genome wide scan 
was carried out and QTL for ovulation rate were detected on SSC3, 8, 9, 10 and 15. 
However in contrast to the other studies, the QTL on SSC8 was placed at the 
telomeric end of the short arm. As with the previous study by Wilkie et al. (1999), 
the alleles from the Large White were superior for all the QTL except the one on 
chromosome 15. Suggestive QTL for uterine capacity on chromosome 8 and 
ovulation rate and uterine capacity on chromosome X were also proposed. 
Rohrer (2000) carried out a QTL scan for traits of birth characteristics and found 
significant evidence for QTL for teat number on porcine chromosome 10 and 
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suggestive evidence for QTL on chromosomes 1 and 3. The mode of gene action 
was additive for all three regions, with the Meishan alleles for the QTL on SSC3 and 
10 increasing the number of teats and the Meishan alleles for the QTL on SSC 1 
reducing teat number. In addition Hirooka et al. (2001) found strong evidence for 
teat number QTL in a Meishan x Dutch cross on chromosomes 10 and 12, with the 
beneficial alleles from the Meishan breed and a QTL on chromosome 2, with a 
negative effect of the Meishan allele. 
Jiang et al. (2002b) mapped QTL for prolificacy on SSC8 using a candidate gene 
approach. They claim that an allele predominant in the Meishan breed, within the 
fibrinogen G gamma polypeptide (FGG) gene, was associated with an increase in 
number of piglets born and number born alive for sows having their second parity. 
They also describe an association with a Meishan allele at the amphiregulin (AREG) 
gene and a decrease in the number of piglets born in the first parity and that the 
estrogen sulfotransferase (STE) gene showed overdominance effects on gestation 
length and number of teats. Previously Jiang et al. (2001) found an association with 
a single base substitution in the 5' UTR of the GNRHR gene and number of corpora 
lutea at the first parity of the Roslin Meishan x Large White population. 
So far only one major gene for litter size has been identified. As mentioned in section 
1.3.2, Rothschild et al. (1996), crossed Meishan and Large white breeds and 
demonstrated that an allele at the estrogen receptor (ESR) locus on pig chromosome 
1, was associated with a significant increase in litter size. This finding was confirmed 
by Short et al. (1997). However Drogemuller et al. (2001), Rohrer et al. (1999) and 
Gibson et al. (2002) failed to detect an effect of this specific polymorphism within 
ESR on litter size in their Meishan x Large White and Duroc x Large White 
populations. 
Janss et al. (1997) carried out segregation analysis between the same breeds, 
identifying a major gene affecting litter size at the first parity, which they believe is 
unlikely to be the ESR gene. This unknown gene was demonstrated to be dominant 
and resulted in a difference of five or six piglets between homozygous recessive and 
homozygous dominant individuals. 
1.4.2. Differences in physiology between pig breeds 
The European commercial Large White or Yorkshire and the Chinese Meishan are 
genetically and phenotypically divergent. The Meishan pig is a member of the Taihu 
group of breeds from China and is one of the most prolific pig breeds known. This 
breed has litter sizes of three or more piglets greater than those of European breeds 
do (Haley et al., 1995). Therefore they are highly likely to carry alleles with the 
potential to enhance efficiency of production within commercial breeds such as the 
Large White (Haley and Lee, 1993). In order to attempt to understand the genetic 
basis of reproductive performance it is necessary to determine how the Meishan 
breed regulates its prolificacy. 
Litter size is a product of ovulation rate (number of corpora lutea measured on both 
ovaries), prenatal survival and uterine capacity (Webel and Dziuk, 1974). Previously 
there has been uncertainty over the relative contributions of ovulation rate and 
prenatal survival to the subsequent litter size. Studies with Meishans have yielded 
conflicting data for ovulation rate (Cheng, 1983 and (Bidanel et al., 1989) but several 
have concluded that prenatal survival is an important factor influencing litter size 
(Haley and Lee, 1993; Bidanel et al., 1989 and (Ashworth et at., 1997). Meishan 
gills and sows have significantly higher ovulation rates (in excess of five ova) than 
Large White females of a similar age. When the breeds were compared after a fixed 
number of oestrus cycles, ovulation rates were found to be similar due to Meishan 
females being younger and smaller (Haley and Lee, 1993). 
Interestingly the F 1 cross between these 2 breeds displayed heterosis in prenatal 
survival and litter size, but not ovulation rate. That is, the crossbred (Fl) animals 
showed higher levels of performance that either of the two pure breeds (Haley and 
Lee, 1993) (Table 1-1). 
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Table 1-1 Ovulation rate, number of live births and embryo survival (± SEM) 
in unilaterally ovariectomised-hysterectomised Meishan, Large White and Fl 
crossbred pigs (from (Haley and Lee, 1993). Note these values are for just 
one uterine horn. 
Genotype of female 
Characteristic Meishan Large White Fl crossbreed 
Number of records 26 32 28 
Ovulation rate (OR) 19.4 ±0.7a 15.0 ±0.7b 18.6 ±0.7a 
Number of live births 7.0 ±O.6' 6.0 ±0.6a 8.2 ±0 . 6b 
Prenatal survival (%) 37.6 ±4. 0a 41.2 ±3.8a 47.6 ±4.4a 
Prenatal survival 42.0 ±3.8 ab 36.8 ±3 . 6a 49.2 ±3.9" 
(adjusted for OR) 
A restricted maximum likelihood analysis of first and second parity data was 
performed. Within rows, means with different superscripts are significantly different 
(P <0.05). 
The Meishan has also been shown to display an increased uterine capacity, achieving 
this by a greater level of organisation in the uterus, that is more even spacing 
between attachment sites than the Large White (Lee et al., 1995). Uterine capacity is 
defined as the number of piglets, which a sow can maintain to term. It can be 
difficult to measure, especially in breeds where their ovulation rate is not great 
enough to challenge the capacity of the uterus. If the extra embryos present in 
Meishan sows are to result in extra piglets at birth, there must be a higher level of 
fetal survival. 
Around 75 % of total porcine embryo loss occurs during the pen-implantation period 
(days 12-18 of gestation) (Ford, 1997). The Meishan breed has a marked reduction 
in conceptus loss during this period compared to the average 30 % loss observed in 
US and European breeds such as the Large White (Ford, 1997). Haley and Lee 
(1993) describe UK studies where the advantage to the Meishan breed at days 20-50 
of gestation was seen to be a 19 % increase in survival levels compared to the Large 
White breed. This difference in embryo survival levels of the two breeds can be 
attributed to the smaller size of the Meishan embryo and more even spacing between 
attachment sites, as well as to the increased levels of placental efficiency of the 
Meishan sow compared to the US/European breeds (Biensen etal., 1999; Ford, 1997; 
Vonnahme etal., 2002; Lee etal., 1995 and (Wilson et al., 1999). 
From days 5-12 of gestation the Meishan embryos have a smaller number of 
trophectoderm (TE) cells than Yorkshire embryos, due to a lower mitotic rate of 
these cells (Ford, 1997). These TE cells produce an enzyme P450 17 a-
hydroxylase/ 17-20 lysase, which is associated with oestradiol production by the 
conceptuses around day 12 of gestation. Therefore the Meishan embryo secretes less 
oestradiol into the uterine luminal fluid than the Yorkshire breed (Ford, 1997). The 
progesterone-primed endometrium of the uterus is sensitive to the conceptus 
oestradiol. This time of trophoblast expansion and attachment is temporarily 
associated with a down regulation of progesterone receptors and an up regulation of 
oestrogen receptors in the uterine epithelium (Johnson et al., 2000; Lessey et al., 
1996 and (Geisert, 1997). In response to oestradiol, the endometrium alters its 
stromal and epithelial development as well as its secretory activity. 
During the late pen-implantation period the blastocysts are dependent on the 
histotroph secretions from the endometrium for growth, development and elongation 
of the trophectoderm cells (Geisert and Yelich, 1997). As a consequence of the 
decreased secretory activity, the elongation of the conceptuses is less in the Meishan 
breed than in the Yorkshire breed (Wilson and Ford, 2000). Due to the more rapid 
growth of the Yorkshire blastocysts, the more advanced ones in the litter alter the 
uterine environment to the detriment of their less well developed litter mates (Wilson 
et al., 1999). More of the Meishan embryos survive the critical period of loss from 
days 12-18 because they develop more slowly and there is less competition between 
the embryos. In addition the rate of expansion of the trophoblast establishes the 
boundaries for placental attachment and initial allocation of uterine space available to 
each conceptus. Therefore a limiting factor in the Yorkshire breed is the increased 
amount of placental surface area required per fetus to obtain nutrients and oxygen for 
growth and survival to term (Geisert and Yelich, 1997 and (Wilson and Ford, 2000). 
Another important strategy of the Meishan, which allows increased prenatal survival, 
is its high placenta efficiency (Wilson and Ford, 2000). In the later stages of 
gestation, the fetuses grow much more rapidly. In order to supply the increase in 
requirement of nutrients and oxygen the Yorkshire strategy is to increase the size of 
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each placenta and therefore increase the surface area of attachment of the fetus in the 
uterus (Vonnahme et al., 2002). In these European breeds there is a total loss of 
around 15-20 % of the fetuses around days 30-50 of gestation because the uterine 
space limits the increase in placenta size (Vonnahme et al., 2002). However, the 
Meishan strategy is to dramatically increase the vascular density to each attachment 
site and therefore maintain the small placenta sizes (Vonnahme et al., 2002). The 
Meishan placental weight and surface area does not increase from day 70 to term 
(day 114). Throughout gestation and at farrowing the Meishan conceptuses and 
placentae are smaller and lighter than US/European pig breeds (Biensen et al., 1998; 
Lee and Haley, 1995 and (Wilson et al., 1998). In addition there has been observed 
to be a reduced variation in birth weight of Meishan litters compared to the Large 
White breed (Lee and Haley, 1995). 
Experiments have been carried out where Meishan and Yorkshire fetuses have been 
cross-gestated in sows of both breeds in order to determine the effects of uterine 
environment versus fetal genotype on the differences in prenatal survival between 
these two pig breeds. It was shown that the Meishan uterus exhibits an inhibitory 
effect on the growth of the conceptus during the pen-implantation period (Biensen et 
al., 1999). Meishan and Yorkshire embryos gestated in a Meishan uterus to day 12 
of gestation were smaller than embryos of both breeds gestated in a Yorkshire uterus 
(Biensen et al., 1999). In contrast, during late gestation the placenta size, vascularity 
and consequent placental efficiency appears to be determined by conceptus genotype. 
When Meishan and Yorkshire embryos were co-transferred to a Yorkshire uterus, the 
placenta size of the Meishan conceptuses were significantly lighter and much more 
vascular than the Yorkshire littermates (Wilson et al., 1998). 
At day 90 of gestation, Meishan and Yorkshire fetuses in a Meishan uterus were a 
similar size and Meishan embryos were significantly lighter than Yorkshire when 
gestated in a Yorkshire uterus (Figure 1-4). Interestingly though by term, the growth 
rate of the Meishan embryos had accelerated such that the birth weights of the 






Figure 1-4 Litter of Meishan and Yorkshire fetuses co gestated through to 
day 90 in either a Meishan or Yorkshire uterus. The fetuses in the Meishan 
uterus are all of a similar size and there is a clear difference in size between 
breeds within the Yorkshire uterus. (Photos kindly supplied by Prof. Stephen 
Ford, University of Wyoming. Figure published in (Wilson et al., 1998)). 
Galvin et al. (1993) also investigated the early post attachment period (20-22 days 
after mating) in Meishan and Large White gilts to determine whether any general 
breed differences were apparent at this time. They showed that Meishan sows were 
around 30 kg lighter, with 7.1 more ova, 8.7 more uterine horn attachment sites and 
8.2 more embryos than Large White sows. The Fl sows were approximately 
intermediate in these measurements between the two breeds. It was also reported 
that the Meishan had slightly heavier (not significant) uteri than the Large White and 
the Fl sows had significantly heavier uteri than either pure breed. The uteri of the 
Meishan were the shortest and the F I sows the longest. The embryonic and placental 
weights were least in the Meishan and greatest in the Fl, showing significant 
evidence of heterosis. 
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Lee et al. (1995) used unilateral hysterectomy-ovariectomy methods as a more 
powerful tool to study the variation in uterine capacity. This is where one uterine 
horn with its ovary is removed at the bifurcation and as a result of hypertrophy of the 
remaining ovary, more than half of the ova crowd into a single uterine horn. In 
addition, the ovulation rate and number of embryos was in excess of the number 
born. Therefore it could be assumed that the uterine capacity of the horn was 
challenged. It was also noted that unlike intact females, there was no significant 
association between litter size and ovulation rate. 
It was shown that in terms of total litter weight, the Meishan uterus had a lower 
capacity of around 3.5 kg than the Large White and the uterus of the crossbred could 
accommodate 3 kg more than the mid breed mean. Therefore the difference in 
uterine capacity between the two breeds does not appear to be a function of the 
physical size of the uterus (Lee et al., 1995). Embryos in Meishan sows had 
significantly less space to develop and as a consequence were lighter at the same 
comparative age as the Large White embryos (Haley and Lee, 1993). 
In summary, the Meishan breed has reduced within litter variation in for example 
embryo length and weight and the distance between the embryo sites on the horn 
compared to the Large White. The Meishan has a greater capacity to maintain the 
fetuses to term and does so, not by the use of a larger uterus, but by a better 
organisation of embryo spacing and placenta efficiency. This in turn leads to more 
even fetal development and reduced competition between neighbouring fetuses for 
maternal resources (Lee et al., 1995). 
Crossbred sows have physically longer uterine horns than Meishans and can 
therefore maintain a larger number of fetuses and in a more organised fashion than 
the Large White. This could explain the observed heterosis in litter size and prenatal 
survival. It is likely that several genes of important effect contribute to the different 
components of the reproductive performance of the Meishan pigs. In particular the 
genes, which control ovulation rate and fetal survival, subsequently controlling litter 
size. As seen in section 1.4.1.4 many studies have been undertaken to determine the 
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genetic component of the observed differences in reproductive performance between 
various breeds of pig. 
1.5. Known physiological candidate genes on SSC8 controlling 
female reproductive traits 
1.5.1. Gonadotrophin-releasing hormone receptor 
Gonadotrophin releasing hormone (GnRH) is released from the hypothalamus and 
regulates the secretion of the gonadotrophins follicle stimulating hormone (FSH) and 
luteinising hormone (LH) from the anterior pituitary. These hormones are secreted 
in the plasma to the ovary where they stimulate antral growth and folliculogenesis in 
preparation for ovulation (Johnson and Everitt, 1995). GNRHR was mapped near the 
centromere of porcine chromosome 8 by Rohrer (1999). As mentioned previously 
Wilkie et al. (1999) and Braunschweig et al. (200 1) mapped a QTL for ovulation rate 
to the centromere of SSC8. Also Jiang etal. (2001) revealed an association between 
a single base substitution in the 5' UTR of the GNRHR gene and number of corpora 
lutea at the first parity of the Roslin Meishan x Large White population. 
1.5.2. SPARC-like I 
SPARCL1 (SPARC-like protein 1 or high endothelial venule protein) is an 
extracellular matrix glycoprotein, with a function in cell adhesion and proliferation 
and is believed to have anti-adhesive properties similar to those of SPARC. It is 
expressed in several tissues including ovary and lower levels in the placenta (Girard 
and Springer, 1995). Bertam et al. (2002) used differential display PCR to 
investigate differences in gene expression in the anterior pituitary of a group of 
control pigs and the Nebraska line selected for increased ovulation rate and embryo 
survival over several generations. They found that SPARCLJ was differentially 
expressed between the two groups of pigs. They also mapped the gene within the 
QTL for age at puberty around the telomere of the q arm of SSC8 identified by 
(Cassady et al., 2001). 
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1.5.3. Secreted phosphoprotein I 
Secreted phosphoprotein I (SPPJ), originally known as osteopontin (OPN) is 
principally produced by osteoclasts and osteoblasts and is found in abundance in the 
bone matrix (Denhardt and Noda, 1998). These bone cells are responsible for 
remodelling of mineralised tissues and it is believed that SPP1 plays a role in cell 
attachment and controls bone cell functions such as resorption (Yoshitake et al., 
1999). The main receptors for SPP1 are av133  integrin heterodimers and are found on 
tissue cell surfaces, the SPP 1 protein binds via an RGD (Arginine-Glycine-Aspartic 
acid) site (Johnson et al., 1999a). Wrana et al. (1989) and Hij iya et al. (1994) clearly 
demonstrated the position of the RGD binding site in exon 6 of the SPPJ coding 
sequence in pigs and humans. 
Although SPP1 was originally discovered for its role in bone biology, it has also 
been shown to be expressed in a wide variety of cells including epithelial cells, 
predentin, kidney, thyroid, breast, testes, leucocytes, smooth muscle cells and high 
concentrations of the protein have also been detected in plasma of patients with 
disseminated carcinomas (Senger et al., 1989; Waterhouse et al., 1992). Of 
particular interest is the expression of SPPJ by secretory phase endometrial cells, the 
placenta, invading trophoblasts and decidual metrial glands during blastocyst 
invasion and placentation (Johnson et al., 1999a), indicating that this gene has an 
important role to play in embryo implantation. 
Factors shown to be responsible for increases in SPP1 transcription include 
interleukin-la and —10, transforming growth factor (TGF), interferon gamma 
(1FN y),  oestrogen and progesterone (Kreiss and Vale, 1993). The release of 
progesterone and interferon-tau (the maternal recognition of pregnancy signal) from 
the trophoblast, during the pen-implantation period, have been shown to result in 
increased expression of SPP1 mRNA from the luminal epithelium of the uterine 
endometnium in humans (Omigbodun et al., 1997), mice (Nomura et al., 1988) and 
pigs (Garlow et at., 2002), from the glandular epithelium of the uterus and 
decidualising stroma of baboons (Fazleabas et al., 1997) and from the glandular 
epithelium of ewes (Johnson et al., 2000 and (Johnson et al., 1999b). 
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SPP1 codes for an acidic 70 kDa glycoprotein. This protein undergoes extensive 
post-translational modification, in particular heavy phosphorylation of serine and 
threonine residues (Safran et al., 1998). After treatment with proteases, the 70 kDa 
protein is cleaved to give 24 kDa and 45 kDa fragments. It is the 45 kDa fragments 
which contain the RGD binding site responsible for cell-cell attachments with 
integrin receptors (Johnson et al., 1999b). SPP 1 binds primarily to av33, av35 and 
a413 I integrin heterodimer receptors at the cell surface via its RGD sequence (Bowen 
et al., 1997; Johnson et al., 1999b; Johnson et al., 1999a; Johnson et al., 2001; 
Waterhouse et al., 1992). This biologically active 45 kDa form, is released as part of 
the histotroph secretion from the endometrium and has a high affinity for av3 
integrin (vitronectin) receptors expressed by the trophectoderm (the outer layer of the 
blastocyst) and the uterus during the implantation window. The 45 kDa protein is 
susceptible to degradation and it is thought that progesterone also regulates the 
production of tissue inhibitors of metalloproteinases, that prevent degradation of the 
active form of the protein and allow interaction of SPP 1 with the integrin receptors 
(Johnson et al., 2000). 
The binding of SPP I to the vitronectin receptors on the trophectoderm and uterus 
stimulates changes in morphology of the trophectoderm and extra-embryonic 
endoderm that result in the cytoskeletal reorganisation and elongation of the 
conceptus. It also induces adhesion and cell signalling between the luminal 
epithelium and trophectoderm essential for attachment, superficial implantation and 
placentation (Johnson et al., 1999b; Johnson et al., 2000). 
SPP1 plays a key role in conceptus implantation and maintenance of pregnancy in 
several known mammalian species. In sheep, days 11-17 of pregnancy incorporate 
the initiation of adherence and attachment phases of early implantation (Johnson et 
al., 1999a). There is an increase in SPPI mRNA expression on day 13 and an 
increase in the 70 kDa and 45 kDa proteins in uterine flushings from pregnant ewes 
at day 15 compared to normal cyclic ewes (Johnson et al., 1999b). 
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The trophectoderm of day 19 conceptuses and lummal epithelial cells of the 
endometrium within the uterus are believed to express the mtegrin receptors, which 
bind the secreted SPP 1. An increase in av1 33 integrin expression in human 
endometrial epithelium during the pen-implantation period has also been 
demonstrated and 03  expression shown to be reduced in infertile women (Lessey et 
al., 1996). Baboons also show co-expression of SPP 1 and av03  receptors in invading 
trophoblast and endometrial cells (Fazleabas et al., 1997). Additionally, mice 
injected with RGD peptides into the uterine lumen showed a decrease in implantation 
rate, due to an interference with these peptides and the av33 receptors (Aplin, 1997). 
In mice SPP 1-null mutants remain fertile (Liaw et al., 1998) whereas null mutations 
of 13' or 05 integrin genes leads to perinatal lethality (Hynes, 1996). Therefore in 
mice, it appears that SPP I can be replaced by another ligand, binding to the same 
receptor and is therefore not essential for implantation. However SPP1 obviously 
does play an important role, in several mammalian species, in implantation. 
In pigs, an increased expression of SPPJ mRNA has been shown in the uterine 
luminal epithelium, in regions of close proximity of conceptus tissue, after day 15 of 
gestation (pen-implantation period) and has been shown to result in integrin 
activation and the accumulation of the cytoskeletal molecules required to form the 
"focal adhesions" for adhesion and signalling between the conceptus and the uterus 
(Garlow et al., 2002). Expression of SPPJ mRNA was also shown to increase 
significantly in the uterine glandular epithelium from day 35 to day 85 of gestation. 
Interestingly porcine conceptuses were not shown to express SPPJ mRNA, however 
the protein was found at the conceptus trophectoderm as well as the uterine luminal 
epithelium (Garlow et al., 2002). 
Omigbodun et al. (1997) proposed that in humans a paracrine regulatory feedback 
loop occurs within the villus of the trophectoderm (Figure 1-5). Progesterone is 
produced by the sync ytiotrophoblast layer and regulates expression of SPP 1 from the 
cytotrophoblast layer. SPP 1 then binds to avII3  receptors in the syncytiotrophoblast 
layer and results in adhesion and communication between the two cell layers. It also 
helps to maintain the structural integrity of the chorionic villus by stimulating 
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changes in the morphology of the trophectoderm. This outer layer goes on to form 
the extraembryonic placental membranes during placentation (Johnson et al., 2000). 
Intervillous space 
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Figure 1-5 Trophectoderm (outer layer) of human blastocyst. Progesterone 
and/or interferon-tau stimulates release of SPPI from cytotrophoblast layer 
which then binds to av133  receptors in the syncytiotrophoblast layer and 
results in a paracrine feedback loop and adhesion and communication 
between the two cell layers Taken from (Omigbodun et at., 1997). 
It is believed that the binding of SPP 1 to its receptors also results in intracellular 
calcium oscillations, which allow the trophectoderm to signal to the uterine 
epithelium. This results in increased expression of SPP 1 mRNA and subsequent 
secretion of the protein by the uterine epithelial cells (Johnson et al., 1999a; 
Omigbodun et al., 1997). 
Other receptors apart from avt33  may be involved in the implantation process. As 
mentioned avf3i  and aVP5  heterodimers show affinity for the RGD binding motif of 
SPP1 (Hu et al., 1995) and the binding of SPPI to ci4i receptors promotes leukocyte 
adhesion (Bayless et al., 1998). Bowen et al. (1997) investigated the porcine 
implantation sites of uterine epithelial and trophectoderm contact in vivo and 
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detected integrin subunits cr, a, a, 1' and 03. They demonstrated very high levels of 
expression of these integrins during the porcine maternal recognition of pregnancy 
period (days 11-15). Porcine uterine luminal epithelia have been shown to increase 
their expression of a4 and 01 integrins in response to increased progesterone levels 
during the period of maternal recognition of pregnancy (Johnson et at., 1999a). 
1.6. QTL for non-reproductive traits located on pig chromosome 8 
(SSC8) 
As discussed in section 1.4.1.4 several QTL controlling sow reproductive traits have 
been located on porcine chromosome 8. In order to refine these regions further and 
potentially use them within targeted marker assisted programs it is desirable to 
investigate whether any other QTL for other production traits also map to these 
regions, in order to avoid co-selecting undesirable alleles for additional traits of 
economic importance. Bidanel and Rothschild (2002) recently reviewed significant 
QTL regions identified in pigs for growth, fat deposition, meat quality and 
reproduction traits. Table 1-2 summarises the QTL for various traits identified on 
SSC8. 
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Table 1-2 Location of QTL for various production and behavioural traits on 
porcine chromosome 8 
Trait Location on Genetic effect of QTL Reference 
SSC8  
Post weaning growth P arm Dominance effect of Large Dc Koning et al., 
rate White alleles over Meishan 2001 
alleles  
On-test growth rate P arm Additive effect, Large White Bidanel et al., 2001 
alleles display increased 
growth rate  
Back fat thickness P arm and q Favourable effect of Large Rohrer, 2000 and 
arm White alleles Bidanel et al., 2001 
Carcass composition Around Dominance effect of Meishan Malek et al., 2001 
centromere alleles over Berkshire alleles  
Carcass length P arm Additive effect of Large White Knott et al., 1998 
alleles over Wild boar  
Bone/lean meat ratio Q arm Large White alleles superior Andersson-Eklund 
over wild boar etal., 1998 
Meat quality - number P arm Additive effect of Large alleles Bidanel et al., 2002 
of semi membranous over Meishan alleles and Knott et al., 
muscles  1998 
Immune capacity Q arm Additive effect of increased Edfors-Lilja et al., 
leukocyte counts associated 1998 
with wild pig alleles versus 
Yorkshire alleles  
Exploratory activity Q arm Dominant effect Meishan Desautes et al., 
towards a novel alleles associated with higher 2002 
environmental stress activity than Large White 
alleles  
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1.7. Aims and objectives of current study 
The aim of this study was to use a genomics and comparative mapping approach to 
identify chromosomal regions (QTL) and genes influencing female reproductive 
performance in pigs. The key biological resources used for this study were initially a 
series of three-generation Large White x Meishan pedigrees established for QTL-
mapping and subsequently a collection of over 4000 Sygen commercial breeding 
sows with litter size records over several parities. As discussed earlier the Large 
White and Meishan sows deliver strikingly different reproductive performance. 
Therefore, the QTL mapping pedigrees provided an excellent resource with which to 
initiate the search for genes underlying this difference in performance. The data 
from Sygen provided a powerful tool for follow up association analyses (Figure 1-1). 
The scope of this study was limited to genes on porcine chromosome 8 (SSC8). The 
focus on SSC8 followed on from earlier studies in which QTL for reproductive traits 
had been mapped to SSC8 and by the mapping of a major gene (Booroola) to the 
homologous chromosome in sheep (OAR6) (see section 1.4.1.4). 
The specific aims and objectives within the overall project are outlined below: 
• To determine whether the Roslin Large White x Meishan pedigrees are 
segregating for QTL influencing female reproductive performance, and 
specifically for QTL on SSC8. 
• To compare the map location and effects of such QTL with those previously 
mapped to SSC8 by other groups. 
• To test the hypothesis that a QTL influencing ovulation rate and homologous to 
the Booroola gene is present in pigs. (The prior evidence of an ovulation rate 
QTL close to the neighbouring gene, SPPJ, in pigs was inconclusive). 
• To use a whole-genome radiation hybrid mapping panel to develop a gene map 
of SSC8. 
• To align the gene map of SSC8 with homologous gene maps of other species. 
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• To identify candidate genes within any reproductive QTL identified, on the 
basis of known map locations in the pig and/or map locations predicted from 
comparative gene maps and/or physiological arguments. 
• To scan such candidate genes for potential causal genetic variation 
• To test candidate genetic variants by association analysis in the Sygen animals. 
If any causal mutations or even QTL regions are identified to influence litter size, 
then it is ultimately hoped that targeted marker assisted selection programmes can be 
introduced. This will allow beneficial alleles from the more prolific Meishan breed 
to be selected for or introgressed into the European commercial breeds such as the 
Large White, without the introduction of alleles for the negative production 
characteristics of the Meishan. By increasing the size of a litter that an individual 
sow farrows, the size of the stock of females can be reduced and this will therefore 
produce a more efficient production system. 
The understanding of the genetic control of ovulation rate or prenatal survival could 
also be linked to studies of reproductive physiology to help us to understand the 
underlying genetic problems associated with reduced fertility in humans. However, 
it must be noted that the reproductive mechanisms of pigs and humans are very 
different, in particular in the type of placenta formed and the number of offspring. 
With humans the blastocyst is invasive during implantation and the placenta forms a 
discoid morphology, whereas in pigs implantation is non-invasive and the placenta is 
diffuse (Johnson and Everitt, 1995). Another benefit of this project will be to the 
porcine genome mapping community, as it will result in an increase in the number of 
anonymous and gene-associated markers mapped to pig chromosome 8. Also by 
aligning the detailed gene map of SSC8 with maps of other species, it should help us 
to understand the level and order of conservation of genes across species. 
43 
Chapter Two 
2. LOCATING QUANTITATIVE TRAIT LOCI (QTL) FOR FEMALE 
REPRODUCTIVE TRAITS ON PORCINE CHROMOSOME 8 (55C8) 
2.1. Introduction 
The key porcine reproductive traits, including ovulation rate, prenatal survival and 
litter size, are expressed only in females and display low heritabilities (Bennett and 
Leymaster, 1989). Therefore, improvement of these traits in pigs by selective 
breeding has proved to be difficult. However, the substantial differences in 
reproductive performance between pig breeds indicate that there is useful genetic 
variation available for investigation. For example, the European Large White and 
the Chinese Meishan breeds show marked differences in fecundity. The Meishan is 
one of the most prolific pig breeds known (Haley et al., 1995), farrowing three to 
five more viable piglets per litter than European breeds. Thus, it is assumed that 
Meishan pigs are likely to carry alleles with the potential to enhance the reproductive 
performance of Western breeds (Haley and Lee, 1993). 
As prolificacy is expressed in one sex, relatively late in life, it is a trait for which 
marker assisted selection (MAS) could be particularly beneficial (Avalos and Smith, 
1987 and (Lande and Thompson, 1990). Information from genetic markers could be 
used to select males carrying desirable alleles for female reproductive performance 
and to select females without waiting for them to reach sexual maturity and have 
their first litter. 
Two approaches have been pursued to identify genetic markers for reproduction 
traits. First, genome scans employing anonymous DNA markers have been used to 
identify quantitative trait loci (QTL) influencing these traits (e.g. Rathje et al., 1997; 
Rohrer et al., 1999 and (Wilkie et al., 1999). Secondly, the physiological candidate 
gene approach utilises polymorphisms within or close to genes known to have a role 
in reproduction in tests for associations with variation in fecundity (Rothschild et al., 
1996; Drogemuller et al., 2001; Kmiec et al., 2001; Jiang et al., 2001 and van der 
Steen et al., 1997). 
Within this chapter the strategy has been to combine these two approaches, 
identifying QTL through a chromosome scan and testing genes identified as 
candidates on both positional and physiological grounds. I have focused on 
identifying QTL for reproductive performance present on pig chromosome eight 
(SSC8) only. Although earlier studies have provided good evidence for QTL on 
chromosome 8 influencing several reproductive traits, as yet none of these QTL have 
been confirmed across groups (Cassady etal., 2001; Milan etal., 1998; Rathje etal., 
1997; Rohrer et al., 1999; Wilkie et al., 1999 and Braunschweig et al., 2001). 
Reported here is an independent confirmation of reproductive QTL on pig 
chromosome 8 and some candidate genes are eliminated on the basis of their map 
locations. 
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2.2. Materials and Methods 
(Protocols for all solutions mentioned are detailed in appendix 1) 
2.2.1. Population structure 
Three separate Meishan x Large White cross populations were developed at Roslin 
Institute over a period of eight years. These groups were defined as QTL 1, QTL 2.1 
and QTL 2.2. The last two populations had a small number of grandparental 
individuals in common. 
The purebred Meishan pigs were derived from an importation of 11 males and 21 
females from the Jiadan county pedigree on the Lou Tang research farm in China in 
1987 (Haley et al., 1992). The first animals used in this study were second-
generation descendants of these imports. The purebred Large White pigs were from 
a control population derived from a broad sample of genotypes in 1982 (Cameron et 
al., 1988). 
In all of the populations, Fi reciprocal crosses were produced: Meishan (MS) male x 
Large White (LW) female and LW male x MS female and all of the Fo animals were 
unrelated (Walling et al., 1998). From the subsequent F1 generation, boars were 
mated to sows of a different grandparental pairing. The resulting F2 female offspring 
were mated to one of a few selected purebred Large White boars and various 
reproductive traits recorded. In total there were 35 F0 (13 males and 22 females) 94 
i (14 males and 80 females) and 220 F2 females. Figure 2-1 shows the structure of 
the three-generation crosses. This diagram demonstrates clearly the segregation of 
alleles for the quantitative trait of coat colour in the F2 generation. The genes 
controlling the quantitative reproductive traits such as litter size and ovulation rate 
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Figure 2-1 Diagrammatic representation of the three generation Meishan 
and Large White pedigree crosses (nnumber of individuals in each 
generation). 
The animals were a minimum 85 kg live weight at the start of each of the trials and 
they were reared indoors on ad libitum standard commercial growth rations until the 
time scheduled for first mating (for more detail see (Haley et al., 1992)). 
Matings for each of the F2 individuals, in the three different year groups, took place 
in two six-week periods. Guts in the first age group were 8-11 months of age, 
corresponding to the animal's first parity. They were then re-mated at 13-17 months 
of age and individuals in this second age group mostly had their second parity; a few 
who had an unsuccessful first mating had their first litter at this later age. All sows 
were observed daily for signs of oestrus and were mated on the same day as detection 
to one of a few selected purebred Large White boars. 
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2.2.2. Phenotypic data recording 
The trait data was recorded prior to the start of this Ph.D. and entered into the Roslin 
resSpecies database (http://www.resSi ,ecies.org). At 5-20 days after mating the 
number of corpora lutea on the left and right ovaries was recorded by laparoscopy, 
this was used as an estimate of ovulation rate (Wildt et al., 1973). At the time of 
laparoscopy, the weight of the animal and the number of entire and partial teats on 
the right and left hand sides were also recorded. Some sows then returned to oestrus 
and if they were still within the first six-week mating period, were re-mated. For 
those animals, which were successfully re-mated in this manner, there is no record of 
the corresponding number of corpora lutea, because the mating occurred after the 
time of laparoscopy. These procedures were repeated for the same animals around 
five months later. 
Prenatal survival was calculated as the number of piglets born divided by the total 
ovulation rate, for those individuals where their farrowing records corresponded to 
the ovulation rate recorded. Gestation length (days) was calculated as the difference 
between the age of the sow at mating and her age at farrowing. Analyses on the trait 
data were carried out within age groups and the variance within each of the traits 
calculated, to ensure there were no errors in the data recording and to confirm that 
the data displayed a distribution that was close to normal, an assumption of the QTL 
analysis. Individuals with incomplete records were removed from the analysis. 
2.23. Genotyping DNA samples 
At the end of each experimental trial all animals were culled and spleen samples 
were collected and stored at -70° C. DNA was prepared by standard procedures from 
these frozen spleen samples prior to the start of this Ph.D. project. The genotypes of 
the F2 trait-recorded females, their F 1 parents and purebred grandparents were then 
determined for twenty polymorphic anonymous microsatellite and gene-associated 
markers, which were roughly evenly spaced across SSC8. 
The size of the PCR product amplified by each of the primer pair for each 
microsatellite marker was determined and the markers labelled with one of three 
fluorescent dyes (hex, tet and fam) ensuring that the size range of markers labelled 
with the same dye did not overlap. This allows pooling of samples with different 
dyes and therefore optimises the efficiency of the method. 
For each microsatellite marker the allelic DNA fragments were amplified from 75 ng 
aliquots of genomic DNA in 15 .tl reaction volumes, containing 7.5 pmol of each 
primer (MWG Biotech AG, Ebersberg, Germany), 2.0 mM of each dATP, dTTP, 
dGTP and dCTP (Amersham Pharmacia Biotech mc, Little Chalfont, UK), 1.5 MM 
MgC12 in lx PCR buffer (Roche Diagnostics, Mannheim, Germany) and 0.3 75 U Taq 
DNA polymerase (Roche Diagnostics, Mannheim, Germany). Where additional 
magnesium was necessary in the reaction mix, the required amount of double 
distilled water was substituted with M902  (25 mM) (Boehringer, Mannheim, 
Germany). The optimal polymerase chain reaction (PCR) conditions for each 
specific primer pair were determined and PCR amplifications performed using either 
a HybaidTm Omnigene or Touchdown thermocycler. Appropriate dilutions of PCR 
products for microsatellite markers were pooled along with a 350 TamraTM  size 
standard (Applied Biosystems, Warrington, UK) and fractionated on 6 % 
polyacrylamide gels on an ABI 373 DNA sequencer (Applied Biosystems, 
Warrington, UK). The sizes of both allelic fragments for each individual animal and 
primer pair were estimated using the ABI GeneScan 2.ITM software (Applied 
Biosystems, Warrington, UK). 
PCR-RFLP, Bi-PASA (Liu et al., 1997) and PCR-DSCP techniques were used to 
genotype the gene associated markers. Zhihua Jiang at the University of Guelph, 
Canada genotyped these ten gene associated markers. The PCR reactions were 
performed on -50 ng of genomic DNA as templates in a final volume of 10 111 
containing 3 pmol of each primer, 2.0 mM of each dATP, dTTP, dGTP and dCTP, 
2.5mM MgCl2, 50 mM KCI, 10 mM Tris HCI, 0.1 % Triton X- 100 and 0.5 U of Taq 
polymerase. After denaturation at 94 ° C for 3 mm, 30 amplification cycles were 
performed consisting of denaturation at 94 ° C for 30 sec, annealing at 61 ° C or 57° C 
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for 30 sec and extension at 72'C for 30 sec, followed by a further 5-min extension at 
72° C. 
For the PCR-RFLP assays, 5 j.tl PCR products were digested with 5 U of the desired 
restriction enzyme. Both PCR-RFLP and Bi-PASA products were then examined by 
electrophoresis on 1.5 % agarose gels with 1X TBE buffer and PCR products from 
PCR-DSCP assays were examined using 8 % acrylamide gels. The gels were stained 
with ethidium bromide and photographed. 
All genotypes were entered into a resSpecies database (httn://www.resSpecies.org ) 
through a data submission tool that checks for inheritance errors in the data. Where 
errors were detected, the genotyping was repeated and the data point either corrected 
or removed if the problem could not be resolved. 
2.2.4. Linkage map construction 
MultiMap (Matise et al., 1994) is an expert system for linkage and radiation hybrid 
map construction and incorporates CR1-MAP version 2.4 (see 
http://compgen.mtaers.edulmultiman/cnmap)  as its core algorithm. These programs 
were used to determine the order of the markers in terms of the number of 
informative meioses and to build framework and comprehensive linkage maps. 
CR1-MAP deduces any missing genotypes by calculating likelihood based on either 
known genotypes or from partial genotypes, where only one allele is known. The 
resulting linkage map was checked using the chrompic option in CR1-MAP to 
highlight potential genotyping errors involving double recombinants occurring 
within short map distances (i.e. less than 5 cM). Where these occurred, the 
genotyping was repeated and either corrected or removed and then the analysis 
repeated. The linkage map developed was then used for the QTL scan (see section 
2.2.5). 
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2.2.5. QTL scan 
The method used for QTL analysis of a three generation pedigree, derived from a 
cross between out bred lines involving the use of regression-based interval mapping 
(Haley et al., 1994), was effected using the QTL Express web interface (QTL 
Express: http://atl.cap.ed.ac.uk  (Seaton et al., 2002)). A "fixed QTL allele" model, 
in which genetically distinct founder lines, in this case Meishan and Large White 
pigs, were assumed to be fixed for alternative alleles at the QTL affecting the traits 
of interest, was used. 
Each reproductive trait measured for animals in age group one and two was 
investigated individually for evidence of single and multiple QTL on chromosome 8. 
Where traits were measured individually on the left and right sides of the animal, 
only the sum of left and right values was investigated. In order to develop the model 
for each QTL analysis, the effect of the co-variates (age at mating, weight at 
laparoscopy, gestation length) on the individual reproductive traits measured, were 
investigated by the use of stepwise multiple regression analysis. For all QTL 
analyses experimental group (i.e. QTL 1, 2.1 and 2.2) was included as a fixed effect. 
Animals classed into age group two also had the parity of the sow (i.e. 1 or 2) 
included as a fixed effect. 
Initially the additive (a) and dominant (d) coefficients were calculated for each 
marker. These values were then used to determine the information content (mean 
a+d) available to estimate the additive and dominance QTL effects for each of the 
individual markers. By using all the marker information simultaneously, the genetic 
information content (i.e. the amount of information available to determine the 
grandparental or breed origin of each allele) was estimated at 1 centiMorgan (cM) 
intervals along the whole chromosome (Seaton et al., 2002). The information 
content varies between 0 and 1, where a value of 1 means that the 
grandparentallbreed origin is known with certainty. 
Using ordinary least squares, the phenotypic values were regressed onto the additive 
and dominant coefficients to estimate the additive and dominance effects of putative 
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QTL at 1 cM intervals through the chromosome. The ratio of regression mean 
square to the residual mean square provided the variance (F) ratio test statistic, and 
the most likely QTL position was taken at the maximum value of F along the 
chromosome. 
A single position permutation analysis was initially carried out, using 1000 
permutations of the trait data, in order to determine the maximum nominal 
significance level of potential QTL for each trait. A chromosome-wide permutation 
analysis with 1000 permutations was then carried out to determine whether the QTL 
were significant (P <0.05) at the chromosome level, which is approximately 
equivalent to a suggestive QTL at the genome-wide level (Lander and Kruglyak, 
1995). 
The permutation test used for determining threshold values was first suggested by 
Fisher, (1935) and developed by Churchill and Doerge (1994). It involves the 
repeated shuffling of trait values, where each trait value is reassigned to a new 
individual whilst retaining the individual's genetic information and then a random 
sample of the test statistic (in this case the F value) is generated from an appropriate 
null distribution. Churchill and Doerge (1994) suggest that 1000 resamplings is 
sufficient to give a significance level of 5 % (P <0.05). Therefore where a 
significant association is observed between phenotypic data and genetic information 
at a particular location on the chromosome, then the significance threshold obtained 
can be used to ascertain whether the QTL is genuine i.e. the estimate of effect is 
greater than would be expected by chance. 
For each trait investigated two genetic models were tested, a model where both the 
additive and dominance effects were fitted simultaneously and an additive, 
dominance and imprinting model. Where a significant F value for the QTL was 
detected, each of the genetic effects was tested for significance, to determine which 
type of effect or effects underpinned the QTL. (Obviously where no significant QTL 
were detected, none of the genetic effects would be significant). The estimates of the 
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genetics effects of each QTL were tested for statistical significance (P <0.05) by the 
use of a two-tailed t-test. 
22.6. Gene association analysis 
Genetic markers within or close to several genes (GNRHR, IBSP, STE, AREG, SPPJ, 
SLIT2, QDPR, FGG and HD), which includes some physiological candidate genes, 
were used to test for evidence of within breed marker associated variation for the 
reproductive traits of interest. 
In the initial QTL analyses it was assumed that the two founder breeds were fixed for 
alternative alleles at the QTL. To the extent that the gene associated markers have 
allele frequencies that differed between the two founder breeds, an analysis looking 
for trait associations with a gene associated marker may be declared significant just 
because it explains some of the effect of a breed associated QTL. However, some of 
the gene-associated polymorphisms are not fixed for alternative alleles in the founder 
breeds and can therefore be used as an additional fixed effect in a QTL analysis to 
test for within breed variation at the QTL associated with the gene marker. 
These tests for within breed variation were achieved by including the genotypes of 
each gene-associated marker as a fixed effect in the "fixed QTL allele" model as 
used previously. A resulting significant reduction in the residual mean square, i.e. a 
better fit of the data to the revised model, would indicate variation in the trait of 
interest associated with the gene marker over and above any due to the QTL. All of 
the gene-associated markers investigated were biallelic and individuals homozygous 
for one of the alleles were coded as 1, heterozygous individuals were coded as 2 and 
homozygous animals for the alternative allele were coded as 3. In theory similar 
analyses could also be implemented for each of the microsatellite markers. 
However, there are many more genotypic classes for multi-allelic markers such as 
microsatellites and the number of animals in each class would be too small. 
An F test was used to determine whether the model with these gene-associated 
markers fitted as fixed effects gave a significantly better fit to the data than the initial 
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"fixed QTL allele" model. The value for the residual sum of squares calculated for 
the full model of interval mapping (the effect of the QTL, covariates and fixed 
effects) with the gene fitted as a fixed effect was compared to the equivalent value 
for the "fixed QTL allele" model. The following calculation was used: 
F = 
(RSS j •RSS g )/(dfj dfg ) 
RSS g / dfg 
Where RSS = residual sum of squares for the full model of interval mapping for the 
"fixed QTL allele" model (i-)  and the gene fitted as fixed effect model (g)  and 
df =degrees of freedom (Numerator df = dff— df g Denominator df = dfg ). 
For those models that revealed evidence of trait variation associated with the gene of 
interest, it was possible to investigate whether there was significant variation in the 
effect on the trait between any two genotypic classes for the gene of interest; for 
example whether homozygous animals differed from heterozygous animals at a 
particular locus. The significance of variation between genotype classes was tested 
using a two-tailed t-test. 
54 
2.3. Results 
2.3. 1. Analysis of phenotypic data 
The variance within each of the traits recorded was initially analysed using simple 
descriptive statistics. This included the number of animals with data recorded (n), 
the minimum and maximum data values and the mean (± standard error of the mean) 
and standard deviation of the pooled data (Table 2-1). In order to investigate 
whether the distribution of the trait data was approximate to normal, a requirement of 
QTL analysis, histograms of the data were plotted against a normal curve using 
MinitabTm statistical software (release 13.32) (Figure 2-2). Each of the traits in both 
age groups, except for the trait of the number of partial teats, was shown to display a 
distribution close to normal. As the distribution of the number of partial teats was 
clearly skewed and as few non-functional teats were observed; it was decided that 
this trait would not be of interest for the QTL analysis and was not considered 
further. 
In addition, it was noted that the range of the total number of functional teats was 
different for the two age groups (Table 2-1). It would be assumed that the sows that 
had data in both groups would have the same number of teats. To verify this 
assumption, a Pearson correlation analysis was carried out for the 120 sows with teat 
number records in both age groups using MinitabTM  statistical software (release 
13.32) (Figure 2-3). For a few animals, the estimate across groups was different, but 
only by one or two teats. This is more than likely due to teats being classified as 
non-functional when they were functional and vice versa. Unfortunately it is 
impossible to be certain for these few animals what their true teat numbers were and 
it was decided that the data would still be analysed without any adjustments, to avoid 
introducing biases into the data set. Therefore teat number was only considered for 
the younger age group, as there were a larger number of animals with data in this 
group. 
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TABLE 2-1. Range, mean and standard deviation of values for each trait and covariate recorded. (n = numbers of animals). 
Note that calculations were only on those animals that had complete trait records. Within age group two animals, 26 sows had 
their first litter and 118 had their second litter. 
Age group one (n7- 169)  Age group two (n=144)  
Traits Recorded Range Mean SD Range Mean SD 
(±SEM)  (±SEM)  
Ovulation rate on right ovary 0:15 7.74 (0.24) 3.06 3:18 8.97 (0.26) 3.14 
Ovulation rate on left ovary 1:21 9.38 (0.26) 3.33 1:18 9.38 (0.25) 3.03 
Total ovulation rate 9:31 17.12 (0.27) 3.52 10:30 18.35 (0.31) 3.73 
Number of partial teats on right side 0:2 0.15 (0.03) 0.40 0:2 0.13 (0.04) 0.37 
Number of partial teats on left side 0:2 0.12 (0.03) 0.35 0:2 0.10 (0.04) 0.33 
Total number partial teats 0:4 0.25 (0.05) 0.60 0:4 0.23 (0.06) 0.60 
Number functional teats on right side 6:9 7.52 (0.06) 0.76 6:9 7.53 (0.06) 0.72 
Number functional teats on left side 6:9 7.49 (0.06) 0.80 5:9 7.51 (0.07) 0.80 
Total number functional teats 12:18 15.01 (0.10) 1.33 11:18 15.04 (0.11) 1.36 
Litter size 2:22 12.15 (0.28) 3.63 1:22 12.76 (0.28) 3.35 
Prenatal survival 0.11:1.23 0.72(0.01) 0.19 0.06:1.06 0.71(0.01) 0.18 
Covanates  
Age at mating (days) 248:357 300.74 (1.75) 22.77 402:559 491.62 (2.98) 35.75 
Age at farrowing (days) 360:469 414.88 (1.75) 22.79 5 17:673 605.97 (2.99) 35.85 
Gestation length (days) 108:119 114.14 (0.13) 1.64 111:118 114.35 (0.12) 1.45 
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The trait data were also checked for any extreme values. Outliers may have occurred 
as a result of incorrect data recording and these values would have to be removed. 
One individual in age group one was seen to have an ovulation rate of 31 ova, 
however this value is physiologically possible and therefore this data point was 
retained. In both age groups a total of three animals were recorded to have prenatal 
survival values greater than 1.0. Prenatal survival would not be expected to be 
greater than 1.00 (100 %). The most likely explanation is that the number of corpora 
lutea was underestimated at the time of laparoscopy. Another less likely explanation 
is that monozygotic twins were formed. This is where one zygote divides to form 
two genetically identical blastocysts (Johnson and Everitt, 1995). It was decided that 
these three values should be adjusted to 1.00, to allow for the error in the estimation 
of these data points. 
Age at farrowing is strongly correlated with age at mating. The difference between 
the two variables is gestation length. Therefore in order to avoid unnecessary 
repetition, age at farrowing was not included as a variable in subsequent analyses. 
2.3.1.1. Use of stepwise multiple regression to investigate the 
effect of the co-variates on the reproductive traits measured 
In order to conduct the QTL analyses it was first necessary to determine which of the 
co-variates (weight at laparoscopy (kg), age at mating (days) and gestation length 
(days)) had a statistically significant effect (P <0.05) on each of the reproductive 
traits measured. The appropriate co-variate(s) could then be fitted into each QTL 
model. The performance of females in the three groups (section 2.2. 1) was measured 
in different years and also at varying times of year. Therefore the animals will have 
been exposed to different external environmental factors; including day length, 
temperature and disease challenge. As a consequence, animals of identical genotype 
will have displayed different phenotypes due to the varying environmental inputs. It 
was also known that performance of the females differs between the first and 
subsequent parities. Therefore the group that each animal was in and the parity of 
the sow (i.e. I or 2) were included in all the regression analyses. 
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The stepwise regression analyses were carried out on MinitabTM statistical software 
(release 13.32). The analysis revealed that the weight of the animal was significantly 
correlated with the total ovulation rate for animals in age groups one (P <0.001) and 
two (P <0.01). Animals of a greater weight had an increased ovulation rate. For 
animals in age group one only, the gestation length was significantly associated with 
litter size and prenatal survival (P <0.05). Individuals with shorter gestation lengths 
had larger litters and higher levels of prenatal survival. Also increased weight of 
animals in age group one was shown to be associated with larger litter sizes 
(P <0.05). None of the other variables for animals in either age group had a 
significant effect on the other traits. 
2.3.2. Genotyping of polymorphic markers on SSC8 
Ten polymorphic microsatellite markers were typed as part of this project. The 
remaining ten gene-associated markers were typed by Zhihua Jiang (University of 
Guelph). The data for all twenty markers were combined for the QTL analysis. In 
order to visualise clearly the separate alleles present in each DNA sample for each of 
the ten microsatellite markers, the optimal PCR conditions for each primer pair was 
determined. This primer optimisation was carried out on the eight QTLI FO DNA 
samples. Table 2-2 shows the references to all 20 of the primer sequences and the 
PCR conditions used. 
A total of 342 out of the 349 animals in all three populations had DNA available and 
were typed for each of the markers. Table 2-3 shows the allele frequencies and 
degree of heterozygosity for each marker. The percentage of undetermined 
genotypes for the seven microsatellite markers typed over all of the animals was low. 
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Table 2-2 Polymerase chain reaction (PCR) conditions used for each primer 
pair. 
Marker Reference 
Anonymous DNA markers  
50017 Microsatellite (Coppieters etal., 1993) 
S0178 Microsatellite (E1!egren et al., 1994)a  
S0225 Microsatellite (Robic et al., 1994)b 
SW7 Microsatellite (Rohrer et al., 1994) 
SW61 Microsatellite (Rohrer et al., 1994)c 
SW268 Microsate!lite (Rohrer etal., 1994) 
SW905 Microsate!lite (Rohrer et al., 1994) 
SW2410 Microsatel!ite (Alexander et al., 1996) 
SW2611 Microsatellite (Alexander etal., 1996) 
Gene-associated markers  
AREG-] PCR-RFLP (StyI) (Jiang et al., 2002b) 
FGG-2 Bi-PASA (Jiang et al., 2002b) 
IBSP-i Bi-PASA (Jiang et al., 2002a) 
GNR HR-i Bi-PASA (Jiang et al., 200 1) 
GNRHR-2 Bi-PASA (Jiang et al., 200 1) 
HD-i PCR-RFLP (Avail) (Jiang et al., 2002a) 
QDPR-i PCR-RFLP (BfaI) (Jiang et al., 2002a) 
SLIT2-1 PCR-RFLP (BstNI) (Jiang et al., 2002a) 
SPPJ-i Microsate!lite (Moran, 1993)d 
SPPJ-5 Bi-PASA (Jiang et al., 2002a) 
STE-i PCR-DSCP (Jiang et al., 2002b) 
The conditions for individual markers varied from the published data in the 
following way: 
a 1.5 mM magnesium, denature cycle of 94° C 5 minutes, anneal phase of 30 cycles 
of 94° C, 58° C and 72° C each for 30 seconds and the extension cycle 72° C 5 
minutes. 
b 1.5 mM magnesium, denature cycle of 94° C 5 minutes, anneal phase of 30 cycles 
of 94° C, 55° C and 72° C each for 30 seconds and the extension cycle 72° C 5 
minutes. 
2.0 mM magnesium and 35 cycles of annealing at 60° C. 
d .5mM magnesium, denature cycle of 95° C 5 minutes, 57° C 30 seconds and 72° C 
1 minute. Anneal phase of 30 cycles of 94° C 45 seconds, 55° C 30 seconds and 
72°C 45 seconds and extension cycle of 72° C 5 minutes. 
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Table 2-3 Allele frequencies, degree of heterozygosity and percentage of unknown genotypes for each of the ten 
microsatellite markers. 
50178 50225 SPPJ SW61 SW2410 SW7 SW905 SW2611 SW268 S0017 
Allele 1 0.50 0.55 0.44 0.54 0.40 0.60 0.29 0.18 0.07 0.52 
Allele 2 0.37 0.13 0.23 0.12 0.30 0.31 0.26 0.07 0.07 0.28 
Allele 3 0.09 0.12 0.20 0.08 0.19 0.09 0.18 0.28 0.21 10.10 
Allele 4 0.04 0.10 0.06 0.07 0.11 - 0.18 0.43 0.15 0.10 
Allele 5 0.07 0.06 0.06 0.09 0.04 0.17 
Allele 6 0.03 	- 0.01 0.05 0.29 - 
Allele 7 -- 004 004 - 
Allele 8 - 0.03 - 
Allele 9 0.01 
% heterozygosity 85.9% 79.3% 84.8% 80.4% 94.6% 81.5% 84.8% 100% 100% 100% 
% unknown 
genotypes 
1.2% 1.2% 4.4% 2.9% 0.9% 0% 5% 76.3 % * 754 % * 75.4% * 
* The percentage of unknown genotypes is so high because these markers were only typed over the QTL1 population (n=9 1) and not all 
three populations (n=342) 
2.3.3. Linkage map of pig chromosome 8 
The complete sex averaged map produced of pig chromosome 8 was 139.3 cM in 
length. The order of markers and the length of the map were compared to the 
analogous linkage map of this chromosome produced at the USDA Meat Animal 
Research Center in Nebraska (Rohrer et al., 1996). Figure 2-4 shows that the two 
maps were of similar length, indicating a similar level of recombination between 
markers. Also the few markers, which were present on both maps, were in the same 
order. 
2.3.4. Marker information content 
The mean of the additive and dominant coefficients calculated for each marker, was 
used to determine the information content of the individual markers. The individual 
information content of each marker along the chromosome and the information 
content at 1 cM intervals using simultaneous marker analysis are shown in Figure 
2-5. For the QTL analysis, simultaneous marker information was used and it can be 
seen that the information available to determine the QTL genotype at any one point 
along the chromosome was above 0.5, with the lowest area of information content on 
the p arm of the chromosome, around the marker SW268. 
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Figure 2-4 Pig chromosome 8 linkage maps (map produced by myself on left and at USDA-MARC on right). Microsatellite markers 
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Figure 2-5 	Individual information content of each marker along the 
chromosome ( ) and also at 1 cM intervals using simultaneous marker 
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139.3 cM). 
2.3.5. QTL mapping 
QTL analyses were carried out separately for each trait, for animals in both age 
groups, fitting the relevant covariates and fixed effects. The number of animals with 
genotype data and information available for each trait varied depending, for example, 
upon whether the ovulation rate recorded for an F2 individual corresponded to the 
subsequent litter that was born (see Table 2-4). 
The estimated QTL locations and the corresponding significance levels are 
summarized in Table 2-4. The chromosome wide permutation analyses revealed two 
putative QTL, for prenatal survival (P <0.05) and number of teats (P <0.05) for 
animals in age group one only (i.e. first parity). A nominally significant QTL 
(P <0.01) for litter size was co-located with the prenatal survival QTL. Table 2-5 
shows the estimates of the genetic effects for those QTL significant above the 
nominal level. The results are shown for the additive and dominance genetic model 
only, as the imprinting effect was shown not to be significant for all traits. 
Table 2-4 The estimated QTL locations for all traits and the corresponding 
significance levels (N.S. = non significant (P >0.05 at nominal level)). 
Number of F2 animals = number of individuals with both genotype and 
phenotype records). 
Trait Number F2 Position on F-ratio Significance level (P value) 
Animals SSC8  
Age group one  
Total ovulation rate 179 2 cM 1.96 N.S. 
Total number teats 193 49 cM 5.21 chromosome wide (P <0.05) 
Litter size 152 127 cM 4.79 nominal (P <0.01) 
Prenatal survival 152 125 cM 6.84 chromosome wide (P <0.05) 
Age group two  
Total ovulation rate 153 139 cM 1.39 N.S. 
Litter size 134 38 cM 2.09 N.S. 
Prenatal survival 134 38 	c 2.70 N.S. 
Table 2-5 Estimates of the genetic effects for those QTL significant above 
the nominal level. The additive effect was estimated as half the difference 
between the homozygotes for Large White versus Meishan alleles. 
Dominance effect was estimated as the deviation of the heterozygotes from 
the mean of the homozygotes. (Statistically significant genetic effects 
(P <0.05) are highlighted in bold). 
Trait Additive 	(±SE) P value Dominance (±SE) P value 
Effecta Effect 
Age group one 
Total number teats -0.25 teats (0.14) P >0.05 +0.58 teats 	(0.20) P <0.01 
Litter size -0.32 pigs 	(0.42) P >0.1 -1.80 pigs 	(0.60) P <0.01 
Prenatal survival -0.02 (2%) (0.02) P >0.1 -0.11 (11%) 	(0.03) P <0.001 
aA negative additive effect indicates that the direction of effect is from the Meishan 
breed and a positive effect is from the Large White breed. 
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The interval mapping plots of each of the four traits for animals in both age groups 
are shown in Figure 2-6. The most significant QTL was seen for prenatal survival 
and the related trait of litter size for animals in age group one (Figure 2-6C). There 
was a clear peak in the F values calculated between markers SW6J and SO] 78, close 
to the microsatellite marker 5' of the SPP1 gene at the distal end of porcine 
chromosome 8q. It can be seen from the interval mapping plot that the QTL for teat 
number for animals in age group one, which is significant at the chromosome-wide 
level (P <0.05), is located near the SLIT2 gene on porcine chromosome 8p (Figure 
2-6B). 
A two QTL model was tested for all of the traits, however teat number for animals in 
age group one was the only trait for which we found suggestive evidence for two 
linked QTL at 49 cM and 100 cM on SSC8. Interestingly the alleles at the two loci 
were seen to be acting in opposite directions; the genetic effects of these nominally 
significant QTL are summarized in Table 2-6. 
Table 2-6 Estimates of genetic effects with two QTL model for teat number 
recorded for age group one animals 
Position Additive (±SE) P value Dominance (±SE) P value 
on SSC8 Effecta Effect 
QTL 1 49 c -0.34 teats (0.15) P<0.01 +0.55 teats (0.20) P<0.01 
QTL 2 100 cM +0.36 teats (0.15) P <0.01 -0.16 teats (0.22) N.S. 
' A negative additive effect indicates that the direction of effect is from the Meishan 
breed and a positive effect is from the Large White. 
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Genetic markers across porcine chromosome 8 
Figure 2-6 Interval mapping plots for ovulation rate (A), teat number (B), 
prenatal survival (CID) and litter size (CID) on chromosome 8 for animals in 
age groups one and two. Nominal significance level ( 	, P <0.05) and 
chromosome-wide significance level ( 	, p <0.05). 
70 
The additive and dominance effects across the chromosome for the significant QTL 
are shown in Figure 2-7. The plots clearly show that for prenatal survival and litter 
size (Figure 2-7A+B), the only area with a significant genetic effect on these traits is 
the dominance effect at around 120 cM. For the QTL for number of teats for age 
group one (Figure 2-7C), there is a clear additive effect from the Meishan breed and 
a negative dominance effect at around 50-60 cM. There also appears to be a second 
additive effect peak at around 100 cM, however the direction of effect in this region 
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Figure 2-7 Additive and dominance effects across porcine chromosome 8 
(x-axis) for those traits with significant QTL. A = Litter size B = Prenatal 
survival and C = Number of teats (all age group one animals) 
2.3.6. Association analyses fitting candidate gene marker 
genotypes as fixed effects 
As most of the biallelic gene loci were not fixed in the founder breeds, an assumption 
of the QTL analysis, they can be used to test for within breed variation. The allele 
frequencies in the founder breeds at each of these loci are shown in Table 2-7. 
Table 2-7 The frequency of allele 1 in the founder breeds at each of the 
gene marker loci. 
Meishan purebred FO animals Large White purebred FO animals 
GNRHR-I 1.00 0.19 
FGG-2 0.84 0.35 
IBSP-1 1.00 0.00 
GNRHR-2 0.97 0.39 
STE-I 0.28 0.23 
SPPJ-5 1.00 0.00 
AREG-I 1.00 0.04 
HD-1 0.63 0.00 
QDPR-1 0.94 0.31 
SLIT2-I 0.69 0.12 
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For ovulation rate in age group one animals, GNRHR-2 was the only genetic marker, 
which resulted in a significant improvement (P <0.01) in the fit of the model when 
added to the "fixed QTL allele" model. Under this extended model there is evidence 
for a QTL for ovulation rate (F-ratio 3.01) at around 3 cM. However this QTL is 
only significant at the nominal level (P <0.05). There was a second peak (F = 2.5) at 
around 80 cM, i.e. close to the GNRHR gene, however the F values calculated at this 
location were slightly lower than the nominal significance level (P >0.05) (Figure 
2-8). 
The effects of the ovulation rate QTL at position 3 cM was additive (P <0.05), with 
an estimate of +0.71 ova (± SE 0.33) per Large White allele. The effects of the 
putative QTL around 80 cM were also seen to be additive with the increasing allele 
inherited from the Large White founders. There is also a small region of additive 
effect from the Meishan founders at around 70 cM (Figure 2-9). 
Indeed, a two QTL model revealed that there was evidence for two linked suggestive 
QTL for ovulation rate, one at 72 cM and one at 83 cM, acting in opposite directions. 
These two QTL locations are too close together to be resolved or indeed to be certain 
that they are genuine. The estimates of the genetic effects of these nominally 
significant QTL are summarised in Table 2-8. The t-test revealed that when the 
GNRHR-2 genotypes were included as a component in a fixed QTL model, 
individuals homozygous for allele 1 had an increased estimate of 3.41 ± 1.47 ova 
(P <0.05) than individuals homozygous for allele 2. 
Table 2-8 Estimates of genetic effects with two QTL model for ovulation rate 
with GNRHR-2 added to the "fixed QTL allele" model for age group one 
animals (a negative additive effect indicates that the effect is from the 
Meishan breed). 
Position Additive (±SE) P value Dominance (±SE) P value 
on SSC8 Effect Effect 
QTL 1 72 	c -2.23 ova (0.71) P<0.01 -1.55 ova (0.78) N.S. 
QTL 2 83 cM +2.60 teats (0.73) P <0.01 +0.29 teats (0.76) N.S. 
73 







Genetic markers across porcine chromosome 8 
Figure 2-8 Interval mapping plots of ovulation rate for animals in age group 
one with "fixed QTL allele" model ( 	, n179) and with GNRHR-2 
( 	,n=179) genotypes fitted as fixed effects into the model. Nominal 
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Figure 2-9 Ovulation rate genetic effects when GNRHR-2 genotypes were fitted as 












Adding genetic markers associated with the genes AREG and SLIT2 as fixed effects, 
resulted in significant improvements (P <0.005) in the model fit when compared to 
the "fixed QTL allele" model for teat number. Including AREG genotypes in the 
analysis model improves the evidence for the teat number QTL close to SLIT2 on 
chromosome 8p, increasing the maximum F from 5.21 to 8.84 (Figure 2-10). 
This estimate of the QTL is significant at the equivalent of a genome wide level 
(P <0.01 at chromosome-wide level). The additive effect of the QTL (P <0.01) was 
estimated as an increase in 0.49 teats (SE 0.16) per copy of the Meishan allele. The 
dominance effect was also significant (P <0.01) with an estimate of ±0.64 teats (±SE 
0.20). Individuals who were homozygous for allele 2 at the AREG locus were 
significantly different (P <0.05) from individuals homozygous for allele 1, with an 
estimated increase of 0.68 teats (±SE 0.27). 
The plot of the additive and dominance effects across the chromosome for the "fixed 
QTL allele" model and the model with AREG genotypes fitted is shown in Figure 
2-11. This demonstrates that by including the genotypes at this locus as fixed 
effects, the effect at this particular gene locus on teat number from the Large White 
founders is removed. Therefore the estimate of the additive effect at the QTL 
increased, where the direction of the increasing alleles is from the Meishan founders. 
Therefore the evidence for the presence of the QTL at this location improved. 
When the genotypes of the SLIT2-1 locus were included as fixed effects, the QTL 
was no longer evident. It can be seen from Figure 2-10 that the peak F value is 
directly above the location of the SLIT2 gene. It is highly likely that the QTL and the 
SLIT2 genotypes are segregating together and therefore the genotypes are 
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Figure 2-10 Interval mapping plots of teat number with "fixed QTL allele" 
model ( 	, n193) and with AREG-1 ( 	, n193) and with SLIT2-1 
( 	, n193) genotypes fitted as fixed effects into the model. Nominal 
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Figure 2-11 Teat number genetic effects when AREG-1 genotypes were 
fitted as fixed effects into the "fixed QTL allele" model (age group one sows). 
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The genetic markers SPPJ-5 and IBSP-1, which are located close to the peaks for the 
litter size and prenatal survival QTL identified under the "fixed QTL allele" model 
for age group one sows (see Figure 2-6C), are fixed for alternative alleles in the 
founder breed (see Table 2-7). Thus, when these markers are added as fixed effects 
the fit of the model is not improved and due to the same confounding effects as with 
SLIT2-1, the evidence for the QTL is eliminated (No figure shown). 
The only gene locus, which revealed a significant difference (P <0.05) between the 
two models tested for animals in age group two, was QDPR-1 for prenatal survival 
(Figure 2-12). However no QTL were detected and consequently no significant 
genetic effects were estimated. The difference between the heterozygotes and 1,1 
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Figure 2-12 Interval mapping plots for prenatal survival for animals in age 
group two with "fixed QTL allele" model ( 	, n134) and with QDPR-1 
( 	, n=134) genotypes fitted as fixed effects into the model. Nominal 




From the analysis of the trait data it was concluded that there were no unusual outlier 
data points and that all of the values recorded for each of the traits were within 
normal physiological ranges. The animals in the first age group were between 8 and 
12 months old at the time of laparoscopy and the range of weights was between 90 
and 195 kg. The animals in the second age group were between 13 and 17 months 
old and the range of weights was between 110 and 245 kg, both these ranges of 
weights are normal for pigs of these ages. Interestingly, the mean number of 
functional teats was greater than the mean size of the litter. The range of gestation 
lengths in both age groups was 108-119 days, with a mean of 114 days. The 
gestation length of domestic pigs is typically 114 +1-6 days (Anderson, 1974). 
The results of the QTL scan showed evidence for QTL towards the telomere of the q 
arm of porcine chromosome 8, controlling prenatal survival and litter size in young 
sows at first parity. The effects of these QTL suggest that they were both negative 
overdominant i.e. the heterozygotes show inferior performance to both classes of 
homozygotes. Although the additive effects were not significant, the beneficial 
alleles at this QTL appear to be from the Meishan breed. Such effects of the 
Meishan alleles at these QTL would be consistent with previous observations that the 
Meishan delivers its superior litter size through higher levels of prenatal survival for 
a given ovulation rate (Bidanel et al., 1989; Haley and Lee, 1993). However, 
evidence of positive overdominance had been reported in earlier studies (Haley and 
Lee, 1993). 
There was also evidence for a QTL on SSC8 for teat number, the trait for which the 
greatest number of recorded animals was available. A QTL, significant at the 
chromosome-wide level, was detected on the p arm of chromosome 8 around the 
SLIT2 locus with the increasing alleles coming from the Meishan founders. 
Interestingly when the genotypes at the AREG genetic marker were included as fixed 
effects in the model, the evidence for the QTL became stronger. The AREG 
polymorphism is close to fixation for alternative alleles in the Large White and 
Meishan founders (Table 2-7) with allele 2 only present in the Large White and 
individuals homozygous for allele 2 at this locus were shown to have an increase 
estimate of teat number. The effects at the QTL (close to SLIT2) and around AREG 
are acting in opposite directions with the increasing allele associated with the 
Meishan and Large White respectively at these two locations. Thus, the 
improvement in the support for the QTL in the extended model is largely a result of 
fitting a two-locus model (i.e. a QTL plus AREG as a second locus) that reduces the 
interference from two QTL with opposing effects. By removing the "Large White 
effect" at the AREG locus the evidence for the QTL with an additive effect from the 
Meishan improves. 
The SLIT2 gene is of interest as it maps directly below the peak for the QTL with the 
positive alleles from the Meishan breed for age group one and two animals. SLIT2 is 
a homologue of a Drosophila "slit" gene, which plays a critical role in central 
nervous system midline formation during embryogenesis (Rothberg et al., 1990). 
The human homologue of this gene is expressed in the spinal cord and it is believed 
that mammalian SLIT proteins may participate in the formation and maintenance of 
the nervous and endocrine systems by protein-protein interactions (Itoh et al., 1998). 
Therefore, there is no evidence to suggest that this gene plays a role in determining 
teat number. 
Number of teats has not been investigated in most previous porcine reproductive 
QTL studies (Rathje et al., 1997; Rohrer et al., 1999; Wilkie et al., 1999 and 
Braunschweig et al., 2001). However evidence for a QTL affecting number of teats 
also on the p arm of SSC8 at the genome-wide significance level (P <0.05) has been 
reported (Cassady et al., 2001). Hirooka et al. (2001) found strong evidence for teat 
number QTL in a Meishan x Dutch cross on chromosomes 10 and 12, with the 
beneficial alleles from the Meishan breed and a QTL on chromosome 2 with a 
negative effect of the Meishan allele, but no evidence for QTL on SSC8. In addition 
Rohrer (2000) found significant evidence for a QTL for teat number in a Meishan x 
Large White cross also on porcine chromosome 10. 
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In agreement with the study by Rohrer et al. (1999), which also utilized a Meishan x 
Large White cross, I found some evidence for a QTL for ovulation rate at the p 
telomere of SSC8, when GNRHR-2 genotypes were fitted as fixed effects in the QTL 
analysis. In both studies an additive increasing effect from the Large White breed 
was seen. These data provide insufficient evidence for this QTL to merit reporting 
the finding on its own. However, the estimated location of the QTL and the direction 
of the effect are consistent with the data of Rohrer et al. (1999). As the power to 
detect minor QTL is limited in this study and most previous studies of reproductive 
traits, it is important to report QTL for which the evidence is weak as confidence in 
such QTL can be strengthened by comparisons across studies. There would also be 
considerable benefit in analysing data pooled from several small to medium sized 
studies (cf. (Walling et al., 2000)). 
I found no evidence for a QTL for ovulation rate at the telomere of the q arm, as 
reported by Rathje et al. (1997). However, when this research group included 
additional animals in a more comprehensive study, the previously reported QTL for 
ovulation rate at the telomeric end of SSC8q was not confirmed (Cassady et al., 
2001). Cassady et al. (2001) described a QTL for age at puberty at SSC8q-ter, a 
trait that was not investigated in our study. 
Wilkie et al. (1999) reported a putative QTL for ovulation rate around the 
centromere of SSC8, with a positive additive effect from the Yorkshire breed within 
the University of Illinois Meishan x Yorkshire Swine Resource Family. In a follow-
up study, in which more markers were scored in these animals, the SSC8 centromeric 
QTL for number of corpora lutea was confirmed with increased confidence 
(Braunschweig et al., 2001). In my study, there was a region around the centromere 
of SSC8, which appeared to display an additive increasing effect from the Large 
White breed when GNRHR-2 genotypes were added as fixed effects to the QTL 
model. Under this extended model there were two peaks at 3 cM (F = 3.01) and at 
80 cM close to the GNRHR locus (F = 2.5), both displaying positive additive effects 
from the Large White breed. 
EIC 
It is recognized that the model in which it is assumed that the founder breeds are 
fixed for alternative QTL alleles is often an over simplification in outbred species 
such as pigs. Including within breed variation at the GNRHR-2 marker represents a 
modest improvement in the sophistication of the model and provides a better fit for 
the ovulation rate data. 
In an earlier study on the same animals used for this study, associations between the 
number of corpora lutea and GNRHR genotypes were tested (Jiang et al., 2001). The 
allele most prevalent in the Meishan breed for the polymorphism identified at 
position 1721 of the gene was shown to be associated with increased numbers of 
corpora lutea for animals at first parity. The genotypes for this polymorphism were 
included in this study as GNRHR-2, with the same allele coded as allele 1. Although 
allele I is present in both founder breeds it is much more abundant in the Meishan 
(Table 2-7) and as already mentioned 1,1 animals had an estimated 3.41 ±1.47 ova 
more than 2,2 homozygotes (P <0.05). Thus, the effects associated with GNRHR 
that maps close to the centromere appear to differ from the QTL reported for the 
Illinois population, in which the Meishan allele has a decreasing effect on the 
number of corpora lutea (Braunschweig et al., 2001; Wilkie et al., 1999). 
As suggested by the two QTL model (Table 2-8) there does appear to be two QTL 
acting in opposite directions present in close proximity to one another around the 
centromere of SSC8. However the statistical evidence for two QTL so close together 
is too weak to be certain that they are genuine. 
Milan et al. (1998) reported preliminary evidence for putative QTL for ovulation rate 
and litter size, with positive effects from the Meishan breed resulting in an increase 
of 1 or 2 ova or piglets, on chromosomes 7 and 8. 
The statistical support for QTL, for all the traits examined across both age groups of 
sows, was more compelling for the younger age group. The main reason for this 
could be the loss of power resulting from the smaller number of F2 animals available 
in this second age group with trait data recorded. 
RE 
One of the reasons for searching for reproductive QTL on pig chromosome 8 was 
that the pig homologue of the Booroola fecundity gene (BMPRJB) was predicted to, 
and is now known to map to the q arm of SSC8, relatively close to SPPJ, but outside 
the confidence interval of the prenatal survival QTL (see Figure 3-8). Alleles at the 
BMPRJB locus are known to improve litter size in sheep through increases in 
ovulation rate (Souza et al., 2001; Wilson et al., 2001). However, as I found no 
evidence for an ovulation rate QTL on SSC8q where pig BMPR1B maps and as the 
litter size QTL effects appear to be attributable to improvements in embryo survival, 
it seems unlikely that BMPRJB is the gene responsible for the pig litter size QTL 
reported here. 
Interestingly though, variation in a microsatellite repeat 5' of the SPPJ gene was 
previously shown to be associated with an increase in litter size in a Meishan x Large 
White cross (van der Steen et al., 1997). This marker lies within the 95 % 
confidence intervals for the litter size and embryo survival QTL. More recently, 
Korin-Kossakowska et al reported associations between the presence of a SINE in 
the SPP1 gene (Knoll et al., 1999) and litter size of the second and subsequent 
parities for 519 sows from a commercial Polish line (Korwin-Kossakowska et al., 
2002). 
SPPJ, also known as osteopontin, is a physiological as well as a positional candidate 
gene. Studies of this gene have revealed that it is expressed in a variety of tissues, 
including the epithelial cells of the endometrium and the metrial gland cells of the 
decidua within the uterus, the placenta and the invading trophoblast, during the 
defined window of receptivity of early pregnancy of several mammalian species 
(Johnson et al., 1999a; Nomura et al., 1988). These studies indicate that this gene 
has an important role to play in embryo implantation and placentation. 
The SPP 1 protein is secreted into the uterine lumen during early pregnancy in 
humans and ewes and binds to integrin heterodimer receptors expressed on luminal 
epithelial cells, in response to increased levels of progesterone (Omigbodun et al., 
1997). This induces adhesion between the luminal epithelium of the endometrium 
and the trophectoderm of the blastocyst and triggers the cascade of molecular events 
leading to successful implantation and placental function (Fazleabas et al., 1997; 
Johnson et al., 2001). The same process is believed to occur in pigs (Garlow et al., 
2002). 
Though the SPPJ gene is a candidate for the litter size and prenatal survival traits 
based on positional and physiological arguments, the confidence intervals for the 
QTL identified in this study are large, harbouring hundreds of genes. Further 
investigation of the QTL regions is therefore required in order to identify additional 
physiological candidate genes. 
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Chapter Three 
3. RADIATION HYBRID MAPPING OF MULTIPLE MARKERS ON 
PORCINE CHROMOSOME 8 
3.1. Introduction 
When this project was initiated the number of genes mapped to pig chromosome 8 
was limited and fewer still had been ordered along the chromosome. It was therefore 
necessary to pursue a comparative positional candidate gene strategy to identify trait 
genes within the QTL regions identified (the details of this strategy are described in 
chapter 4). In order to construct a detailed gene map of chromosome 8 the technique 
of radiation hybrid mapping was used. 
Radiation hybrid (RH) mapping is a somatic cell technique used for ordering markers 
along chromosomes and estimating distances between them (Cox et al., 1990). It is a 
flexible and efficient method, which can be used to develop detailed physical maps. 
The main advantage of RH mapping is that the markers used are all unique Sequence 
Tagged Sites (STS) (Green et al., 1991), which are not required to be polymorphic 
(Hawken et al., 1999). This therefore allows the use of a wider spectrum of DNA 
markers than is available for meiotic mapping (Cox et al., 1990). The STS markers 
are easy to develop and are often linked to known genes within the genome. 
Radiation hybrid panels are created by the use of irradiation and fusion gene transfer 
(IFGT), a technique originally developed by Goss and Harris (1975) who 
demonstrated that chromosomal fragments generated by the lethal irradiation of 
human cells could be rescued by fusion to rodent cells. Due to the lack of genetic 
markers available at the time this technique was not widely used. Cox et al. (1990) 
revived the technique, but this time panels were developed for single chromosomes 
only. The main disadvantage of this is that for example twenty-four separate panels 
would be required to map markers to the whole of the human genome. Therefore the 
technique was adapted for use with whole genome mapping by Walter et al. (1994), 
where a single panel represents the genome of a species. 
M. 
Whole genome radiation hybrid panels are now available for several mammalian 
species including human (Gyapay et al., 1996), cattle (Womack et al., 1997), pig 
(Yerle et al., 1998 and (Hawken et al., 1999)), mouse (Avner et al., 2001 and 
(Hudson et al., 200 1) and rat (Bihoreau et al., 2001). 
The technique of IFGT involves irradiation with a predetermined dose of X-rays of a 
diploid fibroblast cell line of the species of interest. This cell line contains a specific 
selectable marker and once irradiated, the resulting chromosome fragments are fused 
with a recipient somatic cell line deficient in the selectable marker. The resulting 
hybrid clones containing one or many donor fragments are then selected. Intact 
donor cells line are lethally irradiated and whole recipient cell line are selected 
against (McCarthy, 1996). 
Figure 3-1 shows an example of IFGT for the creation of a porcine—Chinese hamster 
radiation hybrid panel. Walter et al. (1994) showed that the retention of loci far 
away from the selected donor thymidine kinase gene were also retained at a 
relatively high frequency at around 20.9 % of all the hybrid cell lines tested. They 
concluded that where marker retention frequencies were between 20 and 50 %, 100 
individual hybrids would provide sufficient coverage to produce a high resolution 
map of any chromosome in the whole genome (Walter et al., 1994). 
In the same way as linkage map construction and in contrast to many physical 
mapping methods, radiation hybrid mapping determines statistically derived 
estimates for likelihoods of several different marker orders and the distances between 
them (Boehnke et al., 1991). The "best" map does not necessarily represent the 
actual order of the markers on the chromosome (Cox et al., 1990). The distance 
between two markers is measured as the frequency of irradiation-induced breakage 
between them and the likelihood of the estimate of that distance is measured by a 
LOD score (Gyapay et al., 1996). 
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Figure 3-1 Schematic of irradiation and fusion gene transfer for the creation 
of a porcine-Chinese hamster radiation hybrid panel. The selectable marker 
within the porcine genome is thymidine kinase. Hypoxanthine Amino 
Thymidine (HAT) medium is used to select against whole TK- hamster cells 
and whole porcine cells are lethally irradiated by the X-rays. The resulting 
radiation hybrid cell line contains porcine chromosomal fragments on a 
hamster genomic background. A sufficient number of hybrid cell lines are 
chosen in order to ensure the whole of the porcine genome is represented. 
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The closer together two markers are, the less likely that there will be an irradiation 
induced break between them (Lunetta et al., 1995) and they will be co-retained in 
several hybrid clones more often than more distant markers (Ben-Dor et al., 2000) 
(see Figure 3-2). A number of algorithms have been developed to construct maps 
based on the pattern of marker retention. These maps can then be used to estimate 
the pair wise physical distance between individual markers (Schiex et al., 2001). 
Linkage maps rely on recombination events between markers and around 1 % 
meiotic recombination or 1 cM corresponds to about 1 million base pairs (Mb) of 
DNA. In contrast, radiation hybrid mapping has been used to order markers within 
the human genome at a resolution of 50 kb (Lunetta et al., 1996). Low-resolution 
genetic maps can be used to identify QTL regions, however high resolution radiation 
hybrid or physical maps are needed to identify putative candidate genes within these 
regions. 
Furthermore radiation induced breakage is believed to be random, i.e. independent of 
the structure of the DNA sequence (Slonim et al., 1997), whereas recombination 
occurs non-randomly throughout the genome and this would therefore bias the 
estimated distances between markers. For example a large genetic distance can be 
resolved as a small physical distance (Hawken et al., 1999). 
A distance of 1 centiRay is equivalent to a 1 % frequency of breakage between two 
markers (Cox et al., 1990). An advantage of radiation hybrid (RH) mapping is that 
maps can be constructed at different levels of resolution by varying the radiation 
dose with which the donor cells are treated. Although increasing this dose will 
increase the resolution of the panel, the absolute relationship between dose, break 
frequency and resolution has not been defined in mathematical terms. The effort 
involved in determining such relationships given the number of potential variables 
and sources of experimental noise would not be justified. Rather groups developing 
RH panels have adopted a pragmatic approach. 
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Figure 3-2 Schematic demonstrating how markers closer together on for 
example porcine chromosome 8 (e.g. markers A and B) will be co-retained 
more often than markers further apart (e.g. markers C and D and B and C). 
Note that for clarity only porcine fragments within the hybrid clones are 
shown. Generally hybrids contain porcine fragments integrated into hamster 
chromosomes. It is possible to find chromosomes of entirely porcine origin 
however these will be composed of pig fragments from different 
chromosomes. 
Examples of the effect of increasing the radiation dose include the construction of a 
human RH map using 3000 Rads of irradiation, where I cR3000 was seen to be 
roughly equivalent to 300 kb (Gyapay et al., 1996) and in contrast a human map built 
with 10000 Rads, where 1 cRi0000 was seen to be equivalent to a physical distance of 
around 29 kb (Stewart et at., 1997). 
The main aim of this chapter has been to map additional genes within the teat 
number and the prenatal survival/litter size QTL regions identified in chapter 2 for 
age group one sows (Figure 2-6B and C), than had already been mapped to the 
meiotic linkage map (Figure 2-4). The strategy was to build a high-resolution 
framework map of several microsatellite markers on SSC8 and add onto it markers 
for porcine genes already known to map to chromosome 8. The plan was to then 
identify and map comparative positional candidate genes derived from the search of 
human chromosome 4 genes (Tables 4-1 and 4-2), to the porcine chromosome 8 QTL 
regions. This would give an improved alignment of the maps from the two species 
and improve the search for physiological candidate genes in the regions of interest. 
3.2. Materials and methods 
(Protocols for all solutions mentioned are detailed in appendix I) 
3.2.1. Background of the radiation hybrid panel used 
The pig-hamster whole genome radiation hybrid panel was established in a 
collaboration between Roslin Institute and the Department of Genetics, University of 
Cambridge. The donor cell line, which was a primary fibroblast line established 
from a male F 1 Large White x Meishan pig, was exposed to 3,000 rads of X-rays and 
the fragments of porcine chromosomes fused to a thymidine kinase deficient (tk-) 
hamster cell line (A23). 
Although DNA was prepared from 101 hybrids, a subset of 94 hybrids was 
assembled with pig and hamster control DNA, in a 96-well format. The technique 
used to produce the hybrid clones of porcine DNA on a hamster background is 
known as irradiation and fusion gene transfer (see Figure 3-1). 
3.2.2. Primer design 
All primer sequences for the DNA markers to be mapped over the radiation hybrid 
panel were either obtained from the literature or designed using the web based 
program Primer3 (Rozen and Skaletsky, 2000) (http:llwww -
genome.wi.mit.edulgenome_software/other/irimer3 .html). The region of DNA for 
amplification was imported into the program and left (forward) and right (reverse) 
primers were designed accordingly. The primers were then synthesised by 
MWG Biotech AG, Ebersberg, Germany and stored at -20° C at a concentration of 
100 pmol. 
3.2.3. Pre-screening primers to optimise PCR conditions 
Each primer pair was initially tested on genomic pig and hamster DNA and a 
negative control of double distilled water, to ensure that the amplification was 
all 
specific to porcine DNA only and also to optimise the PCR conditions and eliminate 
non-specific DNA binding. 
It became apparent that some primers worked well in the pre-screen, however when 
the same PCR conditions were used over the radiation hybrid panel, the results were 
much weaker. It was therefore decided that a DNA sample, which contained 20 % 
pig DNA and 80 % hamster DNA would also be included in the pre-screen test. This 
was shown to represent the rough proportions of porcine DNA in the panel at the 
lowest level and to give a clearer indication as to whether the conditions optimised in 
the pre-screen were likely to be successful when the panel was screened. 
The control pig (RH09conpig) and hamster (RH09conA23) DNA samples 
(ResGenTM Invitrogen corporation, Paisley, UK) were diluted from the stock 
concentration of 25 ng jiJ' to 3 ng .tF', the same concentration as the DNA in the 
panel. In addition, a mix of 20 % pig DNA and 80 % hamster DNA was also made 
upto3 ngtf'. 
For each pre-screen, a single primer pair was tested over pig DNA, hamster DNA, 
20:80 pig/hamster DNA and double distilled water. Target DNA fragments were 
amplified in 20 jfl reaction volumes using 30 ng of diluted DNA samples (3 ng p F'). 
The standard reaction mix included 5 pmol of each primer (MWG Biotech, 
Germany), 2.0 mM of each of dATP, dTTP, dGTP and dCTP (Amersham Pharmacia 
Biotech mc, Little Chalfont, UK), 1.5 MM  MgC12 in lx PCR buffer (Roche 
Diagnostics, Mannheim, Germany), 5.7 % sucrose and 0.845 p.g creosol red indicator 
dye (Aldrich Chem Co., WI, USA) and 0.45 U Taq DNA polymerase (Roche 
Diagnostics, Mannheim, Germany). 
Where additional magnesium was necessary in the reaction mix, the required amount 
of double distilled water was substituted with MgC12 (25 mm) (Boehringer, 
Mannheim, Germany). In order to ensure consistency in the preparation of the PCR 
reaction mix, bulk master mixes were made and frozen at -20° C. The master mixes 
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were made at three different magnesium concentrations (1.5 mM, 2.0 mM and 2.5 
mM) and contained all the ingredients of the PCR reaction mix apart from the 
primers and the Taq enzyme (Table 3-1). Note that the same master mixes were 
used when screening the primers over the radiation hybrid panel. 
Table 3-1 PCR master mixes at three different magnesium concentrations 
PCR 	master 	mix 
ingredients 
Volumes required 
for 1.5 mM mix 
Volumes required 
for 2.0 mM mix 
Volumes required 
for 2.5 mM mix 
lOx PCR buffer 4.4 ml 4.4 ml 4.4 ml 
34.6 % w/v sucrose 7.26 ml 7.26 ml 7.26 ml 
Creosol red 2.2 ml 2.2 ml 2.2 ml 
dNTPs 4.4 ml 4.4 ml 4.4 ml 
Double distilled water 2.44 ml 1.56 ml 0.68 ml 
25 MM M902 N/A 0.88 ml 1.76 ml 
From the master mix, 1035 lal of each mix was aliquoted into 20 individual 1.5 ml 
eppendorf tubes. Each tube of master mix contained enough reagent to screen one 
96-well panel DNA plate or to pre-screen at least 20 primer pairs. 
The PCR reactions were carried out on a Peltier thermal cycler PTC-225 DNA 
engine tetrad (MJ Research), using the same PCR program for every primer tested. 
After an initial 94° C denaturation step for 5 minutes, the anneal phase consisted of 
36 cycles of 94° C for 30 seconds, the primer specific anneal temperature for 50 
seconds and 72° C for 50 seconds and finally an extension cycle of 72° C for 5 
minutes. 
The PCR products were separated by gel electrophoresis through 400 ml 2 % Ultra 
pure DNA grade agarose (Bio-Rad laboratories, Hemel Hempstead, UK) in lx TBE 
buffer, stained with 160 jig ethidium bromide (Sigma-Aldrich, Steinheim Germany). 
The products were run with either a PhiX 1 74/Hinfl marker or PCR marker G3161 
(Promega corporation, Madison WI) to check that PCR products of the expected size 
had been amplified. The gel was visualised on an ultra-violet transilluminator and 
photographed. 
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3.2.4. Preparation of radiation hybrid DNA plates 
The DNA for this specific radiation hybrid panel is available from Research Genetics 
(ResGenTm Invitrogen corporation, Paisley, UK). This panel consisted of 94 
individual hybrid clones at a concentration of 25 ng tr'. The hybrid DNA (900 j.tl of 
each) was stored in 1.2 ml micro-tube cluster plates (ABgene, Epsom Surrey, UK) at 
-80° C. The remaining two wells each contained the same pig and hamster control 
DNA as used for the pre-screen test. The plate format of each hybrid clone is shown 
in Figure 3-3. 
1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 
A D6 E8 FF1 HH7 J6 L6 N6 06 Q5 Si S12 P 
B Di E4 F12 HH1 J5 KK8 N5 05 Q2 R12 511 H 
C C12 E3 F6 Hil 112 KK3 N4 02 Q  R5 SIO Zi 
D B132 El F4 HiO Ill KK2 N3 N12 P11 R  S8 Y8 
E B9 DD5 Fl H4 IS K8 N  NI 1 P6 Q12 S5 W5 
F B3 D12 EE4 H3 14 K6 Ml0 NI0 P4 Q9 S4 T12 
G AA5 Di0 Eli 1 FF7 12 K2 LL4 N8 09 Q8 S3 Ti 1 
H AA1 D9 E9 I FF4 I HH8 Ji 1 LL1 N7 08 Q6 S2 T5 
Figure 3-3 96-well plate format of radiation hybrid panel DNA clone 
identifiers. (P - Pig genomic DNA, H —Hamster genomic DNA). 
The DNA in every well of one stock DNA plate was diluted to 3 ng l.LF' with dilution 
buffer into twelve 96 deep-well plates (ABgene, Epsom Surrey, UK) using a 
HydraTm 96 dispenser (Robbins Scientific Corporation, Sunnyvalle, CA). The same 
dispenser was used to aliquot 10 p1 of each copy of the diluted panel into 96-well 
skirted plates (ABgene, Epsom Surrey, UK) and these were sealed with microplate 
sealers (Greiner Labortechnik Ltd, Stonehouse, UK) and stored at —20° C. 
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3.2.5. Screening primers over radiation hybrid panel 
The PCR master mix was made as described in section 3.2.3 and each primer pair 
was tested in duplicate over the whole panel. To each tube of master mix (total 
volume 1100 p.1), 5 pmol of each primer and 0.45 U Taq DNA polymerase were 
added and vortex mixed. Using a Multipette® plus dispenser (Eppendorf, Hamburg 
Germany) 10 j.tl of the PCR mix was dispensed into every well of two plates 
containing the DNA panel (3 ng tF'). The PCR was run with the same conditions as 
outlined in section 3.2.3 and the resulting PCR products from both plates run 
together on a 400 ml 2 % agarose gel and visualised on an ultra-violet 
transilluminator. 
Each hybrid in the panel was scored for the presence (+) or absence (-) of an 
amplified porcine PCR product. Any primers, which amplified extra bands, were 
disregarded. Primers were only considered successful, where there were no more 
than three discrepancies between the duplicate screen plates. These differences 
between the two plates were scored as a question mark. It is important to score the 
RH panel in duplicate because unlike with meiotic mapping there are no automatic 
checks to ensure that the bands amplified for each marker represent the two alleles 
inherited by the Fl individual from each of the two parents. Therefore performing 
the PCR twice and comparing the results will help ensure that the scoring of the 
panel was accurate. Clearly the well containing the porcine genomic DNA should 
always amplify a band of the specific size for the marker being typed (the same size 
band will be present in each of the positive clones). In contrast the control hamster 
DNA should not amplify a PCR product of a similar size to that of the porcine PCR 
product. 
All the results for markers, which were successfully typed, were recorded in the 
Roslin radiation hybrid database (http://www.ri.bbsrc.ac.uk/radhvb)  for subsequent 
analyses. 
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3.2.6. Statistical analysis 
3.2.6.1. Use of CarthaGene to construct radiation hybrid maps 
CarthaGene version 0.5 (http://www.inra.fr/bia/T/CarthaGenel)  was the software 
chosen to construct the radiation hybrid map of SSC8. The diploid radiated hybrid 
data produced was used and the order of the markers and the distances between them 
determined. 
Some mapping packages only investigate two point measures, that is they search 
locally for linkage between just one pair of markers at a time. However with these 
programs there are problems with the two point estimations when two groups of 
markers are far apart from one another. In contrast CarthaGene combines these local 
search techniques with multipoint maximum likelihood criteria that defines the best 
marker order using the data from all markers simultaneously (Schiex and Gaspin, 
1997). 
The successful marker scores over the 94 hybrid clones of the panel were converted 
from the stored format in the radiation hybrid database to a CarthaGene compatible 
input "dat" file (i.e. positive clones were labelled "H", negative clones "A" and 
discrepancies marked with a "-"). The data set of successfully screened markers was 
then loaded into CarthaGene. 
3.2.6.2. Identification of linkage groups using pair wise analysis 
The command "mrklod2p" was used to obtain a two-point LOD score matrix for 
each marker against all other markers. This analysis highlights where a pair of 
markers is completely linked. If linked markers were included in the CarthaGene 
analysis, the computational time would be significantly lengthened because the 
algorithms used would not be able to determine the order of the two markers relative 
to one another. One of the pairs of the linked markers was therefore removed from 
the subsequent map building process and then added back to the final map after it 
had been built, at the same position as its linked marker. 
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All the markers were then sorted into their linkage groups using a LOD threshold of 
4.0 and by searching a local two-point threshold distance of 0.2 rays. Any single 
marker, which did not belong to a linkage group, was then excluded from the map 
building process. Either these single markers did not map with the markers being 
typed on the chromosome of interest or they mapped too far from established linkage 
groups and consequently the LOD score was too low to be certain of the position of 
the marker relative to other markers on the map. 
3.2.6.3. Build framework and comprehensive maps of SSC8 
A pre-defined set of algorithms within the "defalgo" program was then run over the 
data set for each separate linkage group and the order of the markers and the distance 
between them determined. The specific algoithms used are shown below: 
mcemapl 
annealing 100 100 0.1 0.9 
flips 5 3.0 1 
flips 7 3.0 1 
polish 
The first stage of the "defalgo" program builds a framework map from the raw data 
set using a "heuristic" algorithm called "nicemapl". Using the two points LOD 
criteria only, the algorithm calculates a rough order and distances between markers. 
Starting from the best framework map built, the local search algorithm "simulated 
annealing" then uses the multipoint maximum likelihood criterion to build more 
accurate maps. 
The specifications of the annealing algorithm determine the accuracy of the map 
whilst keeping the computational time to a reasonable level. In the program used for 
this analysis the following specifications were used; 100 moves, an initial 
temperature of 1000,  a final temperature of 0.10  and a cooling factor of 0.9. The 
theory of using decreasing temperatures is that it mimics crystallisation as a heated 
solid cools and solidifies. In the early stages the material has more "choices" about 
its structure and does not follow the "optimal" expected energy path. At the starting 
001 
temperature of 100 0 C", there were a set number of map solutions and at each step 
of decreasing the temperature new map solutions were created, including changing 
the order of distant markers. The annealing process built a map at each temperature 
and printed a "+" where the calculation found a better map solution. At the final 
temperature of 0.10 C" there was no probability of finding a non-optimal map 
solution. 
The best map found was then displayed along with its log likelihood. This map was 
tested for accuracy using a "verification algorithm". This involves flipping pairs of 
markers within a specified window size. The number of markers within the window 
was specified. Also specified was a threshold by which the new map is said to be 
more accurate; this is the minimum difference in log likelihood between the new map 
built and that of the best map prior to flipping. The flips analysis was then repeated 
with a higher window size to ensure that more distant markers were correctly placed 
relative to one another. 
Finally the "polish" command was used. This takes each locus in turn and tests 
every possible position of this locus on the map, whilst retaining the order of the 
other markers, to test whether alternative positions improve the overall accuracy of 
the map. The maps produced throughout the analysis were then displayed in order of 
their log likelihood values, the map with the highest log likelihood being the most 
accurate. It was then possible to display the details of the most accurate map 
produced after the flipping and polishing stages of the analysis. This output includes 
the marker order, distances between markers in centiRays and the two point LOD 
scores between adjacent marker pairs. 
3.2.6.4. Calculating marker retention frequencies 
The data set for all successfully mapped markers was retrieved from the Roslin 
radiation hybrid database (p//www.ri.bbsrc.ac.uk/radhYb)  and analysed using 
RHMAP two-point analysis (Boehnke et al., 1991) (available from the Roslin 
radiation hybrid website). Part of the analysis gives a table of the haploid marker 
retention frequencies for each marker along the chromosome. This is the percentage 
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of positive hybrids from the total number of hybrids successfully typed (there may be 
up to three discrepancies). It is assumed when building radiation hybrid maps that 
the marker retention frequency is random across the chromosome i.e. that the 
breakage along the chromosome is random (Lunetta et al., 1995). 
RHMAP gives the output of marker retention frequency for haploid data. This 
therefore needs to be corrected for this data being diploid. The following calculation 
was used to convert the haploid marker retention frequencies to diploid values: 
PD = i-qD, where qD = ,
j;:;; and qH = ]-PH 
PH = haploid retention frequency, pD = diploid retention frequency 
3.3. Results 
3.3.1. Identification of DNA markers on SSC8 
There were three classes of markers from pig chromosome 8 that were typed over the 
radiation hybrid (RH) panel. Firstly 50 primer pairs were obtained for anonymous 
DNA microsatellite sequences previously identified to map to porcine chromosome 8 
and for one microsatellite within the SPP1 gene. The published references for these 
primer sequences were found from either the Roslin pig genome database (Hu et al., 
2001) (http://www.thearkdb.org/browser?siecies=pig)  or the USDA-MARC swine 
genome mapping database (httix//sol.marc.usda.gov ). These microsatellite markers 
covered the whole of chromosome 8 in order to establish a framework map, on which 
to map genes to the chromosomal regions of interest. The microsatellite marker 
within the SPPJ gene was the same primer pair as used to map this gene to the 
linkage map (Table 2-2). 
Secondly 14 primer pairs were designed for porcine genes already shown to map to 
SSC8, either from the linkage map produced in chapter 2 (IBSP, GNRHR, AREG, 
FGG, HD, QDPR, SLIT2 and STE on Figure 2-4) or from other published data (EGF 
(Spotter et al., 2002), SPARCL1 (Maak et al., 2001), MAN2B2 (Okamura et al., 
1995), CPE (Cargill et al., 1998), PDGFRA (Moller et al., 1996) and KIT (Sakurai et 
al., 1996)). The same primer pairs for the genes AREG, FGG, HD, QDPR and SLIT2 
were used for RH mapping as for the linkage map construction (Table 2-2). IBSP, 
GNRHR and STE were also present on the linkage map, however alternative primers 
used to map IBSP and GNRHR were successfully designed from non-coding regions 
of porcine sequences from the comparative mapping search of human chromosome 4 
(see Table 4-1). Published primer sequences for a microsatellite repeat within the 
porcine estrogen sulfotransferase (STE) gene were found when searching the NCBI 
website (http://www.ncbi.nlm.nih.govl ) for nucleotide sequences of genes already 
known to map to SSC8. 
Finally primers were designed within 24 porcine sequences that showed homology to 
human 4 genes (the identity of these genes and the methodology of marker 
OTIE 
development are detailed in section 4.3.3). When designing these primers for 
radiation hybrid mapping, the amplified region of the gene needed to be ideally 
within intronic genomic sequence or within the 5' or 3' untranslated regions (UTR). 
This was done to avoid the amplification of homologous coding regions from the 
hamster DNA present in the panel. The exonic regions of genes are highly conserved 
across species, whereas the non-coding regions are much more variable. 
3.3.2. Marker pre-screening 
The primers for all 88 markers outlined in section 3.3.1 were pre-screened with 
control pig and hamster DNA, the 20 % pig: 80 % hamster DNA mix and water. 
PCR was carried out at various temperatures and with 1.5, 2.0 and 2.5 mM 
magnesium in the PCR mix in order to optimise the conditions required. Where a 
single band was amplified with the porcine DNA and not the hamster or water, the 
PCR was considered successful. In order for the subsequent screen of the RH panel 
to work, the band amplified with the 20 % pig DNA mix was required to be 
sufficiently bright. If the band was faint, then the PCR was repeated at a lower 
annealing temperature. Where non-specific bands were amplified, either the 
temperature was increased or the magnesium concentration decreased to give a single 
bright band of the correct size for the marker amplified. 
Figure 3-4 shows a couple of examples of pre-screen gels, where the magnesium 
concentration was adjusted to optimise the PCR conditions. The marker for 
BMPR1B was successfully screened at 2.5 mM magnesium and an anneal 
temperature of 58° C and the marker for UNC5C was successfully screened at 1.5 
mM magnesium at 60° C. 
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Figure 34 Pre-screen gels for markers BMPRJB and UNC5C. (P =pig DNA, 
H =hamster DNA, P/H =20 % pig: 80 % hamster DNA mix, -ye =negative control 
(distilled water) and M =DNA size marker). 
3.3.3. Screening of markers 
A total of 70 out of the 88 primer pairs successfully passed the pre-screen test. The 
optimised PCR conditions for each marker were then used to screen the radiation 
hybrid panel (94 hybrid clones, control pig and hamster DNA). In order to eliminate 
markers that had been retained more often than would be expected for a single 
chromosome within the panel, I decided to exclude markers with a retention 
frequency greater than 50 % (47 positive bands). Also any markers with a retention 
frequency that was too low, i.e. less than 3.2 % (4 positive bands) were also 
excluded. Some markers which appeared to have amplified bright bands in the pre-
screen, had bands in the RH panel which were too faint to accurately type. 
Following the procedures established by groups who have developed RE maps of 
human and other species, only those markers that showed three or less discrepancies 
between the two duplicate screens of the panel were included, therefore several 
markers were also eliminated on this condition. 
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:\ total of 56 markers were successfully typed over the panel. This included thirty-
ix microsatellites, eight genes previously known to map to SSC8 and twelve porcine 
sequences from homologous human chromosome 4 genes. Figure 3-5 is an example 
of duplicate screen gels for the microsatellite marker SW905. Each well represents 
the 94 hybrid clones of the radiation hybrid panel, the well labelled "H" contains the 
product from the PCR on hamster DNA and the well labelled "P" contains the 
product from the PCR on porcine DNA. An amplified band shows that the clone is 
positive for the marker being typed. The pattern of marker retention between clones 
is used to determine the distance i.e. the amount of breakage between each marker on 
the chromosome typed. Table 3-2 shows the primer sequences, PCR conditions and 
references to where the porcine sequences were obtained or designed for all 56 




Figure 3-5 Example of duplicate screen gels for the microsatellite marker 
SW905. There was 1 discrepancy between gels (highlighted with yellow 




Table 3-2 Primer sequences, PCR conditions and references to where the porcine sequences were obtained for all 56 markers that 
were successfully typed over the radiation hybrid panel. The markers are grouped according to where they were obtained. (See 
section 3.3.1 for more detail). 






Reference to the source of 
the marker or gene 
sequence  
Name of porcine 
gene 
vlicrosatellites  
'PP1 3CTAGTTAATGACATTGTACATAA JTGTCATGAGG1TTGTGCCACTGC 58 1.5 - (Moran, 1993) 
Secreted 
thosphoprotein 1 
0086 3CACAGTCTATFGATACTGGCGTC CTGAGAACTrCCATATGCTCCTGG 58 1.5 - (Ellegren et al., 1993)  
0144 A TTAGAGCCACCTGAAGGCT CGTrGGTCGGCAGCTATAGC 55 1.5 - (Jung et al., 1994)  
S'0225 IGCTAATGCCAGAGAAATGCAGA CAGGTGGAAAGAATGGAATGAA 55 11.5 (Robic et al., 1994)  
0285 FAGCCTGCCCTCAAAAGACCT rGCCCTAAAAATCCCCTGTTC 58 .O (Rohrer et al., 1996)  
0376 FCTGGGCCACTGAAGGACTT TGACTGCAGCTCCGATTCAA 58 1.5 Robic et al., 1997)  
W1037 ACATTTCATGGGAAAAATAAGG ACACAGCCCTACTGACATMG 50 1.5 Alexander et al., 1996a)  
W1312 TTGGTGACAAAGAGGCAAT GAGACATGCAGTTrAGCTGCC 58 2.0 :Alexander et al., 1996a)  
W1 649 ICACAGGTCCATCACCTCATG TGGGTATCTAATGTACATCACGG 58 1 1.5 (Alexander et al., 1996a)  
W1679 CCAAGAGGGAAGCTrATAGC CAAATCCATTTAGATGGTAGGC 58 1.5 (Alexander et al., 1996a)  
cwi 702 CCTCCATATACTGCAAGCG TACCAGTCGAGTTCGCTGAC 58 1.5 (Alexander et al., 1996a)  
W1980 iCTFCTGTATGCCACAGCTG ZCCCCATTTGAACAATGAAG 58 1.5 Alexander et al., 1996a)  
W368 A CATTAAATAGGATTATATATGCATGGG TCAT7TF1TrTAAAGTCAGTTATCTCA 55 2 .5 (Alexander et al., 1996a)  
WR1921 TGCTCGGGTTrGTTAACCTC CTrCTATAGCCTTFCCAATTFATG 58 2.0 Alexander et al., 1996a)  
W2611 TTGTFTCCCGCAGTCTCTC 3TGTGTTCCAGATGAACCTGG iO 2.0 (Alexander et al., 1996b)  
W1070 TTGCAGCATCACTCUAGGC rCTATGTGCCTrGGAGTGAGG 58 1.5 Rohrer et al., 1994)  
W1 080 IGGGAAATTTGGATTTGAAATTG TCCCTGTCACTGTAACTTGCC 53 1.5 (Rohrer et al., 1994)  
W149 kCATGTTCACAGAACACCT7CC AGTrACGGTGGGTCGTAATCC 55 1.5 (Rohrer et al., 1994)  
cwi 71 AGATFGTflAGCCTCTGTGTG CATCTMCCAATGACAACATG 58 1.5 (Rohrer et al., 1994)  
C 
W194 IGCCTGCTTACATTAAGTGGG CCTCACTTAAGAAGGTrCCTGC 52 1.5 Rohrer etal., 1994)  
W205 CACAGGTCCATCACCTCATG GGGTATCTAATGTACATCACGG 58 1.5 Rohrer et al., 1994)  
SW211 TCATCAAGAAAATTGGCTTGG TGACCACAAGGAAGAAACTGG 50 1.5 (Rohrer et al., 1994)  
W268 CTGATTCACTT7CATTCGAGAA AGCCCTFCCCTTAATATAACCC 55 1.5 Rohrer et al., 1994)  
W29 GGGTGGCTAAAAAAGAAAAGG ATCAAATCCTTACCTCTGCAGC 50 1.5 KRohrer et al., 1994)  
SW374 GTAATCCCATCCTCCCCAG TGCTCTCCAGCCCrCAAG 52 1.5 Rohrer etal., 1994)  
W444 ATAGMCGGTTGGCCCAG CTTAAGCCTCAAGCTAACAGGC 58 1.5 (Rohrer et al., 1994)  
5W61 GAGAGGGATGAGCACTCTGG AGAGCATTCCAGGCTTCTCA 52 1.5 Rohrer et al., 1994)  
'W7 TAACCATGCTTTTCCTAGGTGG CCAGAGCTGAGTAAAAAGGTCA 50 11.5 Rohrer et al., 1994)  
W763 GGGTGCATTGTTCTCATATGG TGCTCTAGCAACACACACCC 62 1.5 KRohrer et al., 1994)  
W905 TCCCAACCTFC1TFCAAAGG TCCAGTGGCAGAACAACATG 60 2 .5 (Rohrer etal., 1994)  
W1345 CCTGTGCCCAGTTCCATC CATTGACTCCAGGTAGAGTCCC 58 1.5 Rohrer et al., 	996)  
SW933 ACATATACTTCCGACAGCCCC ¼AGAGCUGGTGAA1TGAGAGC 5 7 1.5 Rohrer et al., 	994)  
W1 924 GTCAAACTTTGCAAATGTrATGTG ETGACAAAACTAGGTAAAGCATGG 60 1.5 Rohrer et al., 	996)  
WR 750 CATGGACATTAAAAAAAGTGGTC GGAACCTCCATGTGCCTG 58 1.5 Rohrer et al., 	994)  
'W1085 rAGGCTCCCTGACTTCAGAC TAGGTCCATCCATGTTTCTGC 58 1.5 (Rohrer et al., 1994)  
50069 EGCAAAACTAATGTTfGTGTFGCC CATATGCCACAGGTGTGACCTAAA 0 1.5 (Fredho!m et al., 1993)  
C 
U' 
Porcine sequences from genes in region of human chromosome 4 homologous 	Porcine accession number 
To SSC8ciarm (between GNRHR and CPE on HSA4) (See Figure 4-2) 	 (region_of primer design within gene) 
IMBN 3GTCCTCTTCT7GCTTFCATrC GCAGTGTCACATTTCCTGGAT 1.5 J43404 (3'UTR) Amelioblastin 
CSNJ GAAATCGCAAATCGAAGTC GGCACTFACAGGAGAAGCA 58 2.0 (54973( 3'UTR) Alpha casein 
CSNJO AAACTCTCCTTFGGCCAGT CATTTGCATTCAATTGGCTTr 58 1.5 (51977 (3'UTR) Kappa casein 
!L8 3CAGTGCTGTATTGAATGACO TCTCTTTGGAAATACATAAAAACAAA 52 2.0 486923 (3'UTR) Interleukin 8 




_______  I (AMCF-II) 
CCACCCCCTFAAAGAAAGA EACCTGTGTGGCAAAAAGCA 56 .O BO41341 (5 ' UTR) nterleukin 2 
9MPRJB GGGCAAGAACAAGCATCTCT iTflCTFCCTCO'GCGAACA 58 1.5 Obtained primer Bone 
rTL2 
sequences from Gary norphogenetic 
Rohrer (intronic protein type 1 
enomic) receptor 
UNC5C AGACAGTGCGCAGGTrAGGT CACGTTCAGCCACAAACAAG 50 1.5 31182276 (3' UTR) PIG EST UNL-P- 
N-bh-a-07-0- 
JNL.s 1 
)SPP 'AATATCAGAGCCCCTFGCT CCATGCTACCACCAGGGAAG 59 2.0 AF332578 (3' UTR) Dentin 
 ;ialoprotein 
COPS4 ;TCATGATGCAAATGCCTrG AACGTGGGACAAACAGATCC 59 1.5 3F702060 (3' UTR) PIG EST MI-P- 
1 -aao-d-06- 1- 
im.sl 
'MBP GGCTTGCCTAGAAACCGAAA CCTGGCTGGTAATGCGTACT 58 1.5 K99714 (3' UTR) Steroid membrane 
binding protein 
TEKJ GTGGCAGAGAAGGACGTGT 54 .0 K91312(3' UTR) EIG EST clone rATGCCAAAGAGCAGGAGA 
 [(27 from ovary 
Genes already known to map to SSC8  
GNRHR 3CAAACACCTGATGTCTAGAATGT AATGCACCAGATTCCCAAAG 60 1.5 AF227686 (intronic 3onadotrophm 
enomic) releasing hormone 
BSP CCAACGTGGTCT7CTGGACT TGT=AGCAGTGGGTGCAA 55 1.5 A0363 (3 1UTR) Bone sialoprotein 
PARCL1 GCGAGCAGGAAGAAGACA ITGGGCUAGTGAITFTFGAG 60 1.5 Maak etal., 200 1) SPARC-like 1 
_______ (mast9, hevin) 
LIT2 ACTACCAAAAGCAGCAGGGCTATG L'CAAATATTFCCACTATGAAGCATTCA 0 2 .5 PCR- RFLP-on linkage SLIT Drosophila 
nap iomolog 2 
TE GTCTTTCCATT7ATTTCAGTTGATTTG rcTGcATATITrTcTGTAciTGATAcATc S8 .5 A F406989 (published Estrogen 
nicrosatellite primers) ;ulfotransferase 
kIAN2B2 MAGGGCAGTGAGCAAGTFC ACCCCTTGGGGTAAGAAGTC 56 .O )28521 (5'UTR) Alpha 
nannosidase 
CPE CTGCACCTGGAGCATATGAA 3TACCTGTACCGGGGG1TfC 8 1.5 AF021874 (intromc Carboxypeptidase 
enomic) B 
?GF )AAACAATFCCCGTGTTCTCT TCACTrCCACACCTGTAACATCT s8 r.0 :spouer et al., 2002) Epidermal growth 
______  [actor 
3.3.4. Use of CarthaGene to construct radiation hybrid map of 
SSC8 
3.3.4.1. Linkage groups and LOD thresholds 
The typing for the 56 markers were loaded into CarthaGene and a two point LOD 
matrix produced. This analysis highlighted that three pairs of markers were 
completely linked, IBSP and DSPP, 1L8 and SCYB6 and SWJ 702 and SLIT2. 
Markers IBSP, 1L8 and SW] 702 were therefore removed from the map building 
process to speed up the computational time. The markers were then sorted into six 
linkage groups, three of which contained single markers. These were S0069, NEK] 
and PMBP and these markers were removed from subsequent analyses. 
The porcine sequence obtained for steroid membrane binding protein (nucleotide 
accession number X99714) had shown a low level of sequence identity to the human 
sequence for PMBP (accession number XM_003419). The alignment score was 64 
bits and in order to be reasonably confident of a match between sequences the score 
ideally needs to be greater than 80 (for more detail see section 4.2.1). Therefore the 
porcine sequence was then blast searched against human GenBank, EMBL, DDBJ 
and PDB databases and the closest match to the sequence was to the gene PGRMCJ 
(progesterone receptor membrane component 1) that maps to human chromosome X. 
In fact the entry for human PMBP (XM_003419) has since been withdrawn from the 
database. It was realised that PGRMC2 (accession number NM_006320) actually 
maps to human chromosome 4q28.2. 
Therefore the human sequence for PGRMC2 was BLAST searched against the 
GenBank, EMBL, DDBJ, PDB and EST database for homologous porcine 
sequences. An EST sequence (accession number B1400947) with an alignment score 
of 301 BITS was found and primers were designed within the 3' end of the sequence. 
Although the PCR conditions for this primer were optimised, there were too many 
differences between the duplicate plates (i.e. more than three discrepancies) to be 
able to include it in subsequent analyses. 
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The porcine marker for the gene NEKJ had shown a high level of sequence identity 
to the human gene, but did not fit within the linkage groups on SSC8. It is possible 
that the match was to a porcine EST sequence for a gene that does not map to SSC8 
or that the gene maps too far from other markers on the map to confidently place it 
within the LOD threshold of 4.0. Figure 3-9 shows that the microsatellite marker 
S0069 maps to the linkage map relatively far from the markers S W1679, which maps 
to the top RH linkage group and SW] 71, which maps to the middle RH linkage 
group. This would explain why it was not placed within a group of markers using a 
LOD threshold of 4.0 and a search distance of 0.2 rays. 
3.3.4.2. Draft map of 53 markers on SSC8 
The remaining three radiation hybrid linkage groups of markers were then used to 
construct the RH map of SSC8. It was not possible to map each group relative to one 
another; therefore three separate maps were built for the markers in each group. The 
markers within each linkage group, their position on each map in centiRays and the 
two point LOD score of adjacent markers is shown in Figure 3-6. Where the LOD 
score between a pair of markers is lower than the threshold of 4.0, the confidence of 
placing those markers adjacent to one another is reduced. This usually occurs where 
the distance between markers is large, for example the distance between markers 
5W268 and SW933 in linkage group one is 0.9 rays. 
For each linkage group, the order of markers for the maps built throughout the 
CarthaGene analysis are shown in order of log likelihood in Figure 3-7. The top map 
with the highest log likelihood value is the most likely order of the markers 
determined after the flips and polish analysis. 
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Figure 3-6 Maps of the three linkage groups on SSC8, showing the position in centiRays of each marker and the two point 
LOD scores between adjacent markers. LOD scores lower than the threshold of 4.0, between neighbouring markers are 
highlighted in yellow. 
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Figure 3-7 Log likelihood plots of marker order for the three linkage groups on the radiation hybrid map of SSC8. 
By aligning these three most accurate maps with the linkage map built for the QTL 
naIysis (Figure 2-4), it was possible to position the three groups relative to one 
mother (Figure 3-8). This alignment was done using the Anubis map viewer 
http://www.thearkdb.org!). The distance between the linkage groups was unknown 
und was therefore arbitrarily set to be 100 cRays. This final map consisted of thirty-
tive microsatellite markers, eight markers for porcine genes known to map to SSC8 
ind ten genes predicted to map to SSC8 from comparative mapping information of 
genes on human chromosome 4 and the total map length was around 1900 cR3000. 
f:iirc 3_9 	)fl1l)irC\ the rtdLit1Ofl h\ brid 111,111 hLii1 in the linkage mp ni potcinC 
hromosome 8 produced by the USDA-Meat Animal Research Center 
http://sol.marc.usda4ov/) . Many of the same microsatellite markers are present on 
both maps and it is therefore possible to not only compare the level of marker order 
similarity, but also to compare how physical distances between markers on the 
radiation hybrid map compare to genetic or recombination distances on the linkage 
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Figure 3-8 Radiation hybrid map (left) aligned with linkage map from 
reproduction QTL animals in chapter 2 (right), shown alongside the 
cytogenetic map of porcine chromosome 8. The maps of the three radiation 
hybrid linkage groups on SSC8 are separated by a dotted line, this distance 
between these groups is unknown. Markers highlighted in green are 
associated with known genes and those highlighted in blue are anonymous 
DNA markers. 
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Figure 3-9 Radiation hybrid map (left) aligned with linkage map from USDA-
MARC (right). The maps of the three linkage groups of the RH map of SSC8 
are separated by a dotted line and this distance between groups is unknown. 
Markers highlighted in green are associated with known genes and those 
highlighted in blue are anonymous DNA markers. 
3.3.5. Marker retention frequencies over radiation hybrid pane! 
The diploid marker retention frequency for each marker was then plotted against the 
position of that marker along the chromosome to determine whether the frequencies 
were indeed random along the length of the chromosome. Using MinitabTM  (release 
13.32) scatter graphs were drawn separately for the p and q arm of SSC8 and a 
smooth line drawn through the two sets of points (Figure 3-10). The function used 
was "LOWESS", or LOcally-Weighted scatterplot smoother, which shows the 
general relationship between the x and y variables. It must be noted that it is not a 
line of best fit though the data points. It can clearly be seen that the marker retention 
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Marker position on porcine chromosome 8 (cR3000) 
Figure 3-10 Diploid marker retention frequency along the p arm and q arm of 
porcine chromosome 8 
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3.4. Discussion 
The mapping of polymorphic and non-polymorphic markers from various sources to 
porcine chromosome 8 was successful. Of those markers that were successfully 
pre-screened, 80 % were mapped to SSC8. In order to achieve this relatively high 
success rate, it was realised that the PCR conditions must be optimised to give a 
single bright band on the radiation hybrid pre-screen gel, to be most confident that 
the subsequent screen test will work. 
It was also noted that the scoring of positive and negative clones for the screen test 
was dependant on a degree of subjectivity. It had been decided beforehand that all 
visible bands, whether faint or bright, would be scored and it was subsequently 
decided that it is important to have the same operator or pair of operators scoring the 
screen results throughout the whole experiment to ensure continuity for the 
subsequent analyses. 
A problem of producing hybrids from a diploid cell line is that where a marker is 
seen to be present within a clone, it is not possible to know whether it is present as a 
single copy or as two copies within the same hybrid (Lunetta et al., 1995). The 
animal used to create the Cambridge-Roslin radiation hybrid panel used for this 
experiment was a male F I Large White x Meishan. Sometimes the two alleles of 
different breed origin for each marker could be seen by the gel separation to be 
different sizes (e.g. Figure 3-5 shows a small difference in marker amplification size 
between the different positive clones). In addition, with a couple of the gels for the 
screen test (e.g. for marker S Wi 085) the positive clones amplified bands of several 
different sizes. This must demonstrate non-specific binding of the primers to 
additional sites other than the intended marker on SSC8. Therefore the screen test 
was only considered to have worked, where no more than two fragments of different 
sizes were amplified and that those different sizes were relatively close together. 
CarthaGene, the program used to construct the radiation hybrid map, was developed 
by Thomas Schiex, Christine Gaspin et a! from [NRA (Institut National de la 
Recherche Agronomique) in Toulouse. Unlike other programs used to analyse RH 
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data, CarthaGene combines local two-point searches with multipoint maximum 
likelihood criteria, it can cope with errors in the data or missing values (i.e. up to 
three discrepancies in the typings between duplicate plates) and is computationally 
efficient (Schiex etal., 2001 and (Schiex and Gaspin, 1997). 
The approach used to interpret the RH data is a parametric method of maximum 
likelihood estimation (MLE), which assumes equal retention rates for all markers and 
utilises an Expectation Maximisation (EM) algorithm. This analysis model is a good 
compromise between computational efficiency and realism in the data output (Schiex 
and Gaspin, 1997). The same type of model is used as the basis for the programs 
RHMAP and RHMAPPER, however the improved version of the model used for 
CarthaGene is around twenty times faster to run than, for example, the program 
RHMAP 3.0 (Schiex et al., 2001). 
Due to the number of markers that were mapped to SSC8 it was not possible to 
calculate the distance between the three separate linkage groups, in particular the 
centromeric region separating the p and q arms. In order to be certain of the 
distances between the groups, more markers would need to be mapped to these gap 
regions. It was not necessary to construct a complete map of SSC8 as the aim of this 
experiment was to map several genes in the identified QTL regions using a 
framework microsatellite map and not to build a high-density radiation hybrid map 
of this chromosome. By aligning the maps of the three linkage groups with the 
meiotic map built for the QTL analysis, it was possible to position the groups relative 
to one another. It can be seen from Figure 3-8 that the order of the eleven 
homologous markers on both maps is identical. 
The maps built for the three linkage groups shown in order of their log likelihoods 
(Figure 3-7) can then be used to indicate how the marker order of the "best" map is 
supported by the data (Schiex and Gaspin, 1997). It can be seen from Figure 3-6 that 
for linkage group one, the LOD scores between pairs of markers for the first eight 
markers on the map (MAN2B2 to SW268) are relatively high and Figure 3-7 
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shows that the order of these eight markers on the map is the same at all ten levels of 
log likelihood shown. It can also been seen that the distance between markers 
SW933 and SW268 is 0.9 Rays and the LOD score is lower than the threshold of 4.0, 
it is therefore not possible to be confident that these two markers map next to one 
another. Indeed the USDA linkage map in Figure 3-9 maps markers S Wi 037 and 
SW] 702 between SW268 and SW933. 
The order determined by CarthaGene for the markers SW21 1, SWJ 080, SW] 037 and 
SW933 in linkage group one is far from certain, in that the position of these markers 
varies at every level of log likelihood. In addition the LOD scores between each pair 
of markers is low especially between markers S Wi 037 and S Wi 080 where the LOD 
score is 2.2. The main difference in this region on the USDA map, is that S Wi 080 is 
placed on the centromeric side of SW29. The order of the rest of the markers in 
linkage group one, from SW205 to SW368 is relatively certain at the four highest 
levels of log likelihood and diminishes below this. In addition the order of these 
markers is consistent with the USDA linkage map. 
The likelihood of the order of the markers in linkage group two is relatively low. 
Only four of the markers also map to the USDA linkage map, two of which map in 
the same order. The location of the other two (S0086 and SW1679) is reversed 
between maps. 
In contrast, the likelihood of the order of the markers in linkage group three is high. 
The position of fourteen out of the twenty-one markers in this group is conserved for 
all ten maps at the varying levels of log likelihood. The order of markers S0225, 
SWR1 92] and SW] 49 relative to one another is uncertain and indeed on the USDA 
linkage map the order of all three markers is inverted relative to the RH map (Figure 
3-9). In the same way the order of markers UNC5C, BMPR1B, SW194 and SW1312 
could not be resolved and the position of SW1312 and S Wi 94 on the USDA map is 
also reversed. It appears that the more markers are mapped to a region (e.g. linkage 
group three), the more accurate the estimate of the marker order and marker 
distances. 
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The overall length of the RH map built of SSC8 was estimated to be at least 1900 
cR3000 or 19 Rays. The distance between the three linkage groups is unknown and it 
is likely that a few additional so far unmapped markers will map to the far ends of 
the telomeres. McCarthy, L.C. et al. (unpublished) also built a RH map of SSC8 
using a similar RH panel. They mapped 38 microsatellite markers and the total 
chromosome length was estimated to be around 2100 cR3000. Yerle et al. (1998) 
built a RH map of SSC8 using a panel of 152 hybrids which had been irradiated at 
between 6000 and 7000 rads. They mapped 54 markers, the length of the map was 
around 2300 cR and the marker order was almost identical to that of the USDA 
linkage map. 
The linkage map built by myself was around 140 cM and the equivalent map from 
the USDA was around 130 cM (see Figure 2-4). Schmitz et al. (1992) estimated the 
physical distance of SSC8 to be around 158 Mb. Therefore lcR3000 on the 1900cR 
RH map roughly equates to 0.074 cM or 0.083 Mb (83 kb). Gyapay et al. (1996) 
demonstrated with a human RH panel created at 3000 rads, that I cR was equivalent 
to around 300 kb. These two rough estimates of comparisons between physical and 
radiation hybrid distances for human and pig are similar. The estimate for the human 
is based on radiation hybrid maps of the whole genome, whereas the estimate for the 
pig is only based on a comparison between maps of chromosome 8 only. The 
explanation for the small difference in size is that recombination rates differ between 
chromosomes (Rohrer et al., 1996). The size of the human genome is believed to be 
similar to that of the pig (Archibald, 1994), the estimate of the human being 3200 Mb 
(Alberts et al., 2002). 
By comparing the distance between markers on the genetic maps and on the radiation 
hybrid map, it is possible to compare recombination distances with actual physical 
distances on the chromosome. For example the distance between the adjacent 
markers SW374 and S0144 on my RH map is around 80 cR3000 (Figure 3-8) and on 
the RH map built by Yerle et al. (1998) the distance is around 270 cR6000-700. In 
comparison on the USDA genetic map the distance is relatively much larger at 
around 15 cM (Figure 3-9). If 1 cR3000 is equivalent to 0.074 cM, then the equivalent 
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genetic distance of 80 cR3000 would be predicted to be 5.9 cM; whereas it was in fact 
seen to be around 3 fold greater than this. Interestingly lower recombination rates 
have been observed between pericentric markers than telomeric markers (Rohrer et 
al., 1996). It appears from Figure 3-9 that the comparative distances between 
markers on the genetic and RH maps are indeed relatively similar around the 
centromere and the markers at the telomeres are relatively further apart on the 
genetic map than the RH map. 
One of the assumptions of the CarthaGene analysis is that radiation induced breaks 
occur uniformly and at random across the chromosome (Slonim et al., 1997). Figure 
3-10 clearly shows that the donor genome retention frequency varies across the 
chromosome, with the highest retention rates occurring in the pericentromeric 
regions and the telomeres. McCarthy (1996) showed that DNA around the 
centromere and to a lesser extent around the telomeres was retained at a higher rate 
than elsewhere on the chromosome. Chromosomes require a centromere and 2 
telomeres to replicate and to be maintained within hybrid cells, these fragments are 
therefore retained at a higher rate (McCarthy, 1996). Cox et al. (1990), Kumlien et 
al. (1996), Raeymaekers et al. (1995) and Benham et al. (1989) also demonstrated 
non-random retention frequencies across the chromosome. They all describe higher 
retention rates around the centromeres and telomeres. 
Many models of RH mapping assume equal marker retention frequency (e.g. 
WEBMAP (Newell et al., 1998), RHMAP (Walter et al., 1994) and CarthaGene 
(Schiex and Gaspin, 1997)), however Boelmke et al. (1991) and Lunetta and 
Boehnke (1994) propose a model that takes into consideration the centromeric or 
telomeric effect on fragment retention. Lunetta and Boehnke (1994) utilised a data 
set where the retention was greatest around the centromere, to compare a centromeric 
model to the equal retention model. They state that where the equal retention model 
was used, the resulting map length was underestimated. Therefore it would be ideal 
to run an analysis that included a model that allowed for the centromeric and 
telomeric effects of marker retention frequency, where variation has been shown to 
occur along the length of the chromosome. 
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In this experiment, the mean marker retention frequency for porcine chromosome 8 
was calculated to be 13.5 % i.e. any one specific marker on the chromosome will be 
retained on average in around 13 out of the 94 hybrid clones. As a comparison, the 
average chromosome-specific retention rate for Research Genetics diploid hybrids is 
around 16 % per hybrid (Lunetta et al., 1995). 
Although the radiation hybrid map built of porcine chromosome 8 can only be 
considered to be a draft map with respect to the accuracy of the approximation of 
distances between markers, the estimates of marker order is relatively certain. The 
map built can therefore be confidently used to identify additional genes, which have 
been predicted from the comparative mapping information of human chromosome 4, 
to map to the relevant QTL regions on porcine chromosome 8. 
122 
Chapter Four 
4. USE OF COMPARATIVE MAPPING TO IDENTIFY POTENTIAL 
CANDIDATE GENES IN QTL REGIONS 
4.1. Introduction 
Comparative genome mapping not only gives us a much wider understanding of the 
history of chromosomal evolution. It is also a valuable tool for the transfer of 
genetic information from extensively studied "map-rich" species such as humans and 
mice to less studied "map-poor" species in particular livestock (O'Brien et al., 1993). 
Traditionally comparative genomics was based on direct comparisons of gene 
sequences. However recently genome projects in several species have resulted in the 
development of detailed gene maps and genomic sequences which now allow whole 
genomes comparisons. The genome size, number of chromosomes and genes, the 
order of genes along the chromosome and the abundance and size of introns and 
repetitive DNA differs greatly among organisms (Alberts et al., 2002). However the 
conservation of gene order specifically in mammals of Eutherian order is high 
(Bishop, 2000) and where large chromosomal blocks are conserved across species it 
is possible to confidently predict where genes of interest will map from one species 
to another. 
An exchange of genetic information between humans and other animals will bring 
major benefits to the study of the organisation and function of the human genome, as 
well as offer many practical advantages for animal breeding studies, in particular for 
agricultural traits of economic interest (Andersson et al., 1996). For example 
quantitative trait loci (QTL) for traits such as body weight, fat content, reproductive 
performance and disease susceptibility are likely to be conserved across mammals. 
Where these loci have been extensively studied and mapped in animal studies, it is 
likely that this knowledge can be used to help our understanding of abnormal growth 
and development in humans, where large well structured population studies are not 
possible (Bishop, 2000). 
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An example of this exchange of genetic information followed the identification of a 
mutation in the ryanodine receptor gene (RYRJ) as the cause of malignant 
hyperthermia in pigs (Fujii et al., 1991). In pigs susceptibility to malignant 
hyperthermia was shown to be controlled by a recessive gene at a single autosomal 
locus mapped to SSC6 (Davies et al., 1988). The ryanodine receptor gene was 
mapped to human chromosome 19 and a single base transition discovered within the 
gene. This mutation was correlated with some inherited forms of malignant 
hyperthermia in humans (Gillard et al., 1991). The equivalent mutation in the 
porcine gene mapped to SSC6 was subsequently correlated to susceptibility to 
malignant hyperthermia in several breeds. 
The number of genes in the genome is thought to be roughly correlated with the 
phenotypic complexity of that organism. For example the yeast Saccharamyces 
cerevisae has around 6,000 genes, Drosophila melanogaster around 13,000 genes 
and humans around 30,000 (Alberts et al., 2002). This predicted number of 30,000 
protein-coding human genes was suggested after the draft of the genome sequence 
was released in 2001 (Lander et al., 2001) and many were surprised that the number 
was so low. However a few genes can have a large degree of complexity, due to 
alternative splicing and the many combinations available by switching genes on and 
off. It is likely that all genes found in complex organisms today have descended 
from a few ancestral genes from early life forms via gene duplication or mutation 
within a family of closely related genes, divergence and rearrangement of gene 
segments (Archibald, 1998). 
The human and mouse genomes have been extensively studied. The draft sequence 
of the human genome was completed and made publicly available in 2001 by the 
international human genome sequencing consortium (Lander et al., 2001). Then in 
1999 an international effort to sequence the genome of the inbred stain of mouse 
C57BL/6J was started. On May 6, 2002 a draft sequence was assembled by the 
Mouse Genome Sequencing Consortium, an international team of researchers from 
the Whitehead Institute in Cambridge, MA, Washington University in St. Louis, MO, 
and the Wellcome Trust Sanger Institute and the European Bioinformatics Institute, 
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in 	 Hinxton, 	 England 	 (http:llwww- 
genome.wi.mit.edu/mediaJpress/r  mousegenome.html). This complete draft 
sequence was recently made publicly available (Waterston et at., 2002) and initial 
comparative analyses were carried out between human and mouse. 
The size and the number of genes of the mouse and human genomes are similar. 
However it is around one hundred million years since the two species diverged. Due 
to the shorter generation interval, mice have had a relatively higher mutation rate in 
this time than humans; therefore there has been extensive sequence divergence in 
non-functional regions of the genome. Local gene order and the organisation of the 
chromosomes are very different, such that there have been around 180 breakage and 
rejoining events since the two lineages shared a common ancestor (Alberts et al., 
2002). Interestingly Burt et al. (1999) predict that the chicken genome is more 
conserved with respect to the human genome than with the mouse genome. They 
predicted 96 conserved segments between the human and chicken genomes and 152 
between mouse and chicken. 
In contrast the human genome is surprisingly similar to that of the domestic farm 
animals, in particular the pig (Sus scrofa). Rettenberger et al. (1995) utilised the 
technique of heterologous chromosome painting or ZOO-FISH, where porcine 
chromosomes are "painted" with human probes from all chromosomes. This 
revealed that the 22 human autosomes were conserved in 45 porcine syntenic 
segments and that four chromosome pairs, including human chromosome 4 (HSA4) 
and porcine chromosome 8 (SSC8), appeared to be entirely conserved. Although 
large blocks of chromosomal regions do appear to be conserved across the two 
species, the gene order within these segments is unlikely to be preserved. However it 
is not until more detailed gene mapping information is available in livestock species 
that the precise level of conservation can be determined. Obviously the fewer the 
number of comparatively mapped genes between species, the larger the conserved 
blocks will appear. 
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Cargill et al. (1998), Ellegren et al. (1993a), Johansson et al. (1995), Larsen et al. 
(1999), Rohrer (1999) and Jiang et al. (2002a) all studied the level of conservation 
between HSA4 and SSC8. These studies revealed that although SSC8 does appear to 
be entirely conserved with HSA4, the gene order clearly differs and indeed a small 
region of HSA4 does not map to SSC8. 
The aim of this chapter has been to utilise this high level of conservation between 
human chromosome 4 and pig chromosome 8 to attempt to comparatively map 
several genes from the homologous region on HSA4 to the regions of the two QTL, 
which were significant at the chromosome wide level for age group one sows. These 
were the teat number QTL mapped near the centromere and the prenatal survival 
QTL mapped to the telomere of the q arm of SSC8 (Table 2-4). This would give a 
better understanding of the level of conservation of synteny and of gene order in the 
particular regions of interest. It was therefore hoped that potential physiological 
candidate genes would be comparatively mapped to the region of the QTL. If this 
was not possible, then at least if the precise detail of how this region is conserved 
between the two species was known; then it would be possible to confidently predict 
which of the many mapped human genes would contain porcine homologues in the 
particular regions of interest on SSC8. 
The potential role of the pig homologues of these human genes in controlling embryo 
survival rates, from a maternal point of view could then be investigated. However 
the physiology of pregnancy, in particular the type of placenta formed and the 
number of offspring, is very different between humans and pigs and this would have 
to be taken into consideration. Another important outcome of this study is that it will 
give us a better understanding about the general level of gene order conservation and 
the patterns of re-arrangement between human chromosome 4 and pig chromosome 
8. 
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4.2. Materials and Methods 
4.2.1. Identification of homologous porcine genomic or EST 
sequences to genes on human chromosome 4 
A detailed gene map of human chromosome 4 was obtained from the Online 
Mendelian Inheritance in Man (OMIM) database from the NCBI website 
(http://www.ncbi.nlm.nih.gov/entrez/auerv.fcgi?db=OMIM) . As previously 
mentioned human chromosome 4 is extensively conserved with porcine chromosome 
8 and the 4q1 l-q28 region is believed to be homologous to the q arm of porcine 
chromosome 8. The telomeric section of the q arm is where the prenatal survival and 
litter size QTL have been mapped (Figure 2-6C). 
To achieve a rough estimate of the location of the homologous region on human 
chromosome 4 (HSA4) to the q arm of SSC8, the position of the genes previously 
mapped to SSC8q (from Figure 2-4) was aligned with the physical map of HSA4. 
Figure 4-1 indicates and Ellegren etal. (I 993a) suggested that there was a breakpoint 
and inversion event around the site of the QTL, such that the equivalent area on 
HSA4 to the telomeric region of SSC8 q arm can be found near the centromere. The 
area of selection was extended away from the predicted QTL region to incorporate 
from the centromere on HSA4 to near the FGG gene in region 4q28 (where the 
inversion appears to have occurred). This was done to be certain that the whole 
region of interest around the QTL would be selected. It was also hoped that this 
would allow the exact site of the inversion to be defined with more precision and to 
determine whether the homologous region to the QTL was indeed conserved in the 
human. Using the GeneCardsl'M program found at 
httjx//bioinfo.weizmann.ac.illcards/index.html the GenBank accession number was 
identified for every known gene in the region 4q1 l-q28. 
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Figure 4-1 Diagrammatic representation of the relative position of the genes 
mapped to the q arm of SSC8 (from linkage map, Figure 2-4), on human 
chromosome 4. The approximate region of the prenatal survival and litter 
size QTL identified in chapter 2 is shown as a blue line, with the most 
significant region of the QTL marked as a solid box. 
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Using the standard nucleotide-nucleotide BLAST search for sequence homology 
(htt://www.ncbi.nlm.nih.govfBLASTl), the human gene sequences were searched 
for homology with genomic pig sequences in the "non-redundant" GenBank, EMBL, 
DDBJ and PDB databases, by selecting "Sus scrofa" as the selected organism. The 
sequence matches found are displayed in order of the level of conservation. 
The BLAST search program was developed by Altschul et al. (1997) and involves 
the use of local pair wise alignments. An alignment score is produced by searching a 
"word size" of every 11 bases along the sequence of interest against all sequences 
present in the various databases mentioned. This therefore allows gaps to be 
introduced when matching the two sequences and an overall level of alignment 
ascertained. The output also reports a percentage identity between the porcine and 
human sequence. This can however be misleading because if an exact match to a 
very short porcine sequence is found, then the identity would be reported as 100 %, 
whereas in fact a large part of the human sequence would not have been matched to 
porcine sequence. It is therefore best to consider the alignment score, which is 
measured in "BITS", as the most reliable prediction of how accurate the match is. 
This BIT score is assigned an E value depending on how significant the match is. In 
order to avoid finding chance matches, a threshold of significance is produced from a 
model of random sequences. E values which are smaller than 1e 2° can be considered 
to be significant. As a rough rule of thumb this represents an alignment with a bit 
score greater than 80. Any alignment score less than this indicates that the homology 
with the pig sequence found is uncertain and it is likely that the match will be to a 
different region of genomic sequence than expected. 
A draft RH map of these homologous porcine genes, genes known to map to SSC8 
and microsatellites was built. Following this, additional genes were identified 
specifically in the homologous region of HSA4 to the prenatal survival QTL on 
SSC8 (between genes BMF3 and RAPJGDSJ). The human gene information was 
obtained from the "Markview" output of a physical map of HSA4 within the 
Ensembl website (http://www.ensembl.org/Homo_sapiens) . At the present time 
there is a rapid input of human gene sequences into the reference databases and it 
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was believed that the Ensembi website would be the most up to date and accurate 
source of gene sequences mapped to HSA4. Several more genes in the region of the 
QTL were indeed identified. 
The GenBank accession number was obtained for each gene and the sequence 
BLAST searched against EST as well as the "non redundant" porcine sequence 
databases. Any porcine EST sequences obtained were then checked to determine 
whether there were a cluster of EST sequences representing the gene or whether the 
EST was a singleton, for this the website for the TIGR institute of Genome Research 
was used (http://www.TIGR.org). Where clusters of ESTs are found, this increases 
the chance of successfully designing a marker within the gene of interest and not 
amplifying the wrong gene. TIGR have developed gene indices for species for 
which there are several thousand ESTs in the public domain. 
4.2.2. Designing porcine gene markers to type over the radiation 
hybrid panel 
Although heterologous probes and primers can be useful for gene mapping across 
species, pig specific primers were required for use with the hamster-porcine radiation 
hybrid panel. The RE panel consists of hybrid pig and hamster DNA and therefore 
by designing primers in less conserved non-coding regions of the gene, the chance of 
hamster DNA amplification is much reduced. Therefore the primers were designed 
in either the intronic genomic sequence, 5' untranslated region (UTR) or the 3' UTR 
of the porcine gene sequences. Where primers were designed within EST sequences, 
those that were a 3' read tended to be more successful than 5' reads; however 
unfortunately the majority of pig ESTs recorded are 5' reads. 
The primer pair for each marker was designed to amplify product sizes of between 
100 and 400 base pairs, an optimal size range for the PCR conditions to be used. 
Where a poly A tail was present at the 3' end of the sequence, this was removed prior 
to primer design. Primer design was carried out using the web based program 
Primer3 (http://www-genome.wi.mit.edu/genome  software/other/nrimer3.html) 
(Rozen and Skaletsky, 2000). Where sufficient non-coding sequence was available, 
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two sets of independent primer pairs were designed from different regions of the 
porcine sequence that showed good homology to a human chromosome 4 gene. This 
was done to increase the chance that a marker in the gene of interest would be 
successfully amplified across the RH panel. 
4.2.3. Constructing comparative maps across mammalian 
species 
Map alignment of human chromosome 4 with pig chromosome 8 was done using the 
Anubis map viewer available at http:llwww.thearkdb.orJ (Hu et al., 2001). The 
physical map of human chromosome 4 from Ensembi was aligned with the radiation 
hybrid map of porcine chromosome 8 and also with the linkage map of SSC8. 
Also the level of gene order conservation between human chromosome 4 and other 
species of interest, in particular livestock, was investigated. The chromosomal 
locations and gene orders for sheep and cattle were obtained from linkage maps of 
these two species found at http://www.thearkdb.org . The gene information for the 
mouse was obtained from a comparative map of human chromosome 4 with the 
mouse and the rat hqp://www.well.ox.ac.uk/rat  maRping resources). The gene 
information of human chromosome 4 and pig chromosome 8 is the same as that used 
to carry out the map alignment of these two species as outlined above. 
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4.3. Results 
4.3. 1. Markers used to build the initial draft RH map of SSC8 
The genes in the human chromosome 4 region qi l-q28 that showed homology to 
porcine genomic sequence are shown in Table 4-1. The sequence similarity score 
and the region of primer design within the porcine sequence and subsequent marker 
sizes are also shown. It was only possible to design primers to amplify markers 
across porcine sequence where sufficient non-coding sequence was available. In 
order to achieve successful mapping of the gene of interest, two pairs of independent 
primer sequences were designed, however with some shorter gene sequences it was 
only possible to design one pair. The primer sequences of those genes that were 
successfully screened over the radiation hybrid panel are shown in Table 3-2. 
4.3.2. Markers used to increase the density of genes in the 
prenatal survival QTL region mapped to SSC8 qter 
A list of around 300 genes and their physical map position in base pairs was obtained 
from the Ensembl website in April 2002. The particular region of interest for gene 
identification was the homologous area to the prenatal survival QTL region identified 
around the telomere of the q arm of SSC8. On human chromosome 4 this region was 
predicted to be between around 80 Mb and 100 Mb (see Figure 4-1). 
All the genes that were known to map to that region at the time of the search of 
Ensembi are listed in Table 4-2. For the general search for homologous porcine 
sequences to human chromosome 4 genes carried out in section 4.3.1, only matches 
to porcine genomic DNA were considered in order to ensure that primers would be 
designed in non-coding gene regions. For this small chromosomal region of 
particular interest, it was considered worthwhile to also investigate the database of 
porcine EST sequences. 
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Table 4-1 Identity and BLAST score of human genes in the region 4q11-28 
that were identified to display a significant match to porcine genomic DNA. 
Where sufficient non-coding sequence was available, the region of primer 
design is stated (CDS = coding sequence, UTR = untranslated region). 








E value Porcine gene 
(GenBank accession 
Region of primer 
design (marker 
sizes) 
ALB (M12523) 4q11-q13 155 le-34 Liver albumin 3'UTR(l00bp) 
(M36787) 
KDR 4q12 438 le-121 Flk- ltypeVEGF OnIyCDS 
(AF035121) receptor (AJ245446) 
KIT (X06182) 4q12 1695 0 Mast/stem cell Only CDS 
growth factor 
receptor (AJ223228) 
[L8(M17017) 4q12-13 182 1e-44 Jnterleukin8 3'UTR(101bp 
(M86923) and 208bp) 
PPBP (M54995) 4q1 2-13 105 1 e-21 Platelet basic protein Too little non- 
(X77935) CDS available 
SCYB6 4q12-21 133 le-29 Alveolar 3'UTR(157bp 
(U81234) macrophage-derived and 198bp) 
chemotactic factor II 
(M99368) 
CSNIO 4q13-21 123 6e-27 Kappa casein 3'UTR(llObp 
(M73628) (X51977) and 151bp) 
AMBN 4q21 601 le-170 Ameloblastin 3' UTR (198bp 
(AF2 19994) (U43404) and 1 92bp) 
IBSP(J05213) 4q21 190 4e-47 Bone sialoprotein 3' UTR (197bp 
(Li 0363) and 202bp) 
SPPI 4q21 202 1e-50 Secreted See SPP1-1 
(AF052124) phosphoprotein 1 Table 2-2 
(Xi6575) 
CSNI (X78416) 4q21 80 9e-14 Alpha casein 3'UTR (230bp 
(X54973) and 185bp) 
GNRHR 4q21 559 le-157 Gonadotrophm Intron(l8Obp 
(NM_000406) releasing hormone and 1 89bp) 
receptor (AF227686) 
NKX6A 4q21-22 90 3e-17 Homeobox protein Only CDS 
(U66799) NKX6.1 (AF236157) 
PDHA2 4q22-23 888 0 Pyruvate Only CDS 
(M86808) dehydrogenase 
(X52990) 
1L2 (J00264) 4q26-27 541 le-152 Interleukin 2 5'IJTR (207bp 
(AB041341) and lOibp) 
PMBP 4q26 64 1e-8 Steroid membrane 3' TJTR (203bp 
binding protein andi 99bp) 
(XM_0034i9) (X99714) 
(Note that the sequence for human PMBP (XM_003419) has since been withdrawn 
from the database - see section 3.3.4.1). 
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Table 4-2 Identity and BLAST score of human chromosome 4 genes in the 
region 80-100Mb aligned with porcine genomic DNA and ESTs. Genes for 










E 	Porcine gene 





BMP3 81.8 (q21) No match 
(NM_00 1201) 
PRKG2 81.9(q21) 519 le-146 	EST: 376238 5' end ofEST 
(NM_006259) (B1346879) (101bp) 
J-INRPD 83.0 (q21) 656 0 	EST: Within EST 
(NM_03 1370) 1KU602768 943 .R1 (1 8Obp) 
(BM659693) 
HNRPDL 83.2 (q21) 502 le-140 	EST: MI-P-A2-acs-h- 3' end of EST 
(NM_005463) 03-1-UM.sl (201bp) 
(BF7 11801) 
COPS4 84.0 (q21) 793 0 	EST: MI-P-A1-aao- 3' end of EST 
(NM_016129) d-06-1-UM.sl  (206bp) 
(BF702060) 
MRPS18C 84.3 (q21) 97.6 4e-19 	EST: 300783 5' end of EST 
(AK002008) (BG382940) (170bp) 
NKX6A 85.4 (q2 1) 422 le-117 	Homeobox protein CDS (1 98bp) 
(NM_006168) NKX6.1 (AF236157) 
CDS1 85.5 (q21) No match 
(NM_00 1263) 
MAPKIO 87.0 (q21) 795 0 	EST: 389634 5' end of EST 
(NM_002753) (B1467831) (114bp) 
MLLT2 88.0 (q22) 268 8e-70 	EST: Within EST 
(NM_005935) BJP60276861 1 .R1 (197bp) 
(BM659873) 
SPARCLJ 88.3 (q22) See Table 3-2 
DSPP 88.4 (q22) 184 le-44 	Dentin sialoprotein 3' UTR 
(NM_014208) (AF332578) (112bp) 
DMPJ 88.4 (q22) No match 
(NM_004407) 
IBSP 88.6(q22) See Table 4-1 
MEPE 88.6 (q22) No match 
(NM_020203) 
PKD2 88.8(q22) 708 0 	EST: 223850 5' end ofEST 
(AF309082) (BF075079) (171bp) 
SPPJ 89.0 (q22) SPPJ-1 see Table 2-2 
NEKI 89.1 (q22) 149 3e-34 	EST: SSK27 3' end of EST 
(AL050385) (X91312) (121bp) 
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Table 4-2 ctd 
Human gene Position on Homology E Porcine gene Region of primer 
(GenBank HSA4 in bp score 	value (GenBank design (marker 
accession no.) (BITS) accession no.) sizes) 
(band) 
HERC3 89.6 (q22) 811 	0 EST: 362476 5' end of EST 
(NM_014606) (B1338632) (182bp) 
SNCA 90.9 (q22) 129 	8e-29 EST: 76891 Within EST 
(NM_000345) (AW436578) (165bp) 
MMRN 91.0 (q22) No match 
(NM_00735 1) 
GRJD2 94.5 (q22) No match 
(NM_00 1510) 
PGDS 95.5 (q22) No match 
(NM_0 14485) 
BMPRIB 96.3 (q22) 2129 	0 Bone 3'UTR(207bp) 
(NM_00 1203) morphogenetic and Intron 6* 
protein type I (186bp) 
receptor 
(AY065994) 
UNC5C 96.4 (q22) 505 	le-142 EST: UNL-P-FN- 3' end of EST 
(NM_003728) bh-a-07-o-UNL (208bp) 
(B1182276) 
PDHA2 97.2 (q22) 888 	0 Pyruvate CDS (11 lbp) 
(NM_005390) dehydrogenase 
(X52990) 
RAP] GDSJ 99.1(q22) No match 
(NM 021159) 
* Sequences for a primer pair in intron 6 of porcine BMPRJB obtained from Gary 
Rohrer (USDA-MARC). 
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An EST (Expressed Sequence Tag) is a partial, single pass sequence from either end 
of a cDNA clone and therefore represents a small part of the coding region of a gene. 
They can be used as tags to identify specific genes throughout the genome mainly in 
functional genomics studies involving gene expression studies in particular tissues 
(Adams et al., 1991). As mentioned previously, it is highly likely that markers 
designed from conserved gene regions (i.e. coding sequences) may prove difficult to 
map on the RH panel as the hamster homologue may well also be amplified. 
However in order to identify potential candidate genes for the control of prenatal 
survival it was necessary to map as many genes as possible in the QTL region. I 
needed to be certain that this region was completely conserved in the human to be 
able to confidently predict additional genes from the human data that would map to 
the region on porcine chromosome 8. Therefore it was worthwhile attempting to 
amplify markers within the RH panel that were designed from EST sequences. 
Table 4-2 contains the identities and GenBank accession numbers of all the genes 
that map in the region between 80Mb and 100Mb on human chromosome 4. The 
porcine EST or genomic sequences, which were shown to match to these human 
genes, are also shown, along with the region within the porcine DNA sequence that 
the primer pairs were designed and the size of the markers. 
4.3.3. Comparative maps of HSA4 and SSC8 
Porcine markers were successfully designed for the homologues of 24 human 
chromosome 4 genes that were predicted to and had previously not been mapped to 
pig chromosome 8 (ALB, 1L8, SCYB6, CSNJO, AMBN, CSNJ, 1L2, PMBP, PRKG2, 
HNRPD, HNRPDL, COPS4, MRPS18C, NKX6A, MA PK1 0, MLLT2, DSPP, PKD2, 
NEK1, HER C3, SNCA, BMPRJB, UNC5C and PDHA2). 
It can be seen from Table 3-2 that twelve of these markers were successfully 
screened over the radiation hybrid panel i.e. they did not amplify hamster DNA. Ten 
out of these twelve markers were mapped on the RH map built of porcine 
chromosome 8 (see Figure 4-2). The RH map built for SSC8 was aligned with the 
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physical map of HSA4 obtained from Ensembi (Figure 4-2, the ten genes mapped 
comparatively are outlined in pink). All the genes present between 80 Mb and 100 
Mb on HSA4, the predicted homologous area to the prenatal survival QTL region, 
are shown, whereas only a few genes on the rest of the chromosome are shown, in 
order to prevent the map being too cluttered. Also a few genes had been placed on 
the linkage map (from Figure 2-4) and not on the radiation hybrid map, therefore in 
order to define the region of homology with more clarity the linkage map produced 
in chapter 2 was also aligned with the gene map of human chromosome 4 (Figure 
4-3). 
Figure 4-4 shows a diagrammatic representation of the level of gene order 
conservation between SSC8 and HSA4. It can clearly be seen that the region from 
COPS4 to BMPRJB (i.e. the area surrounding and the prenatal survival QTL region 
itself) is a conserved synteny group. The order of the genes within the group is 
conserved relative to one another, however the whole group has been inverted. 
Initially it would appear as if the whole region from FGG to COPS4 has been 
inverted however the genes EGF and 1L2 were seen to be in the same order relative 
to each other. For the exact level of homology in the region to be resolved, more 
genes need to be mapped between FGG and BMPRJB. The gene order appears to be 
entirely conserved from the telomere of the p arm on both chromosomes to around 
the gene AREG (around the centromere). The only exception is the translocation of a 
small segment around CPE from the q arm of HSA4 to the p arm of SSC8. The end 
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Figure 4-2 The radiation hybrid map built of porcine chromosome 8 (from Figure 3-8) aligned with the physical map of human 
chromosome 4 obtained from Ensembl (10 comparatively mapped genes are outlined in pink). 
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Figure 4-3 The linkage map built of porcine chromosome 8 (from Figure 2-4) aligned with the physical map of human 
chromosome 4 obtained from Ensembl. 
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Figure 4-4 Representation of the conservation between HSA4 and SSC8. 
Major inversion event (red lines) and relocation of small segment (green) 
highlighted. Orange section of HSA4 is not homologous to SSC8. Key gene 
markers are labelled. 
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4.3.4. Comparative maps of HSA4 with other mammalian species 
Figure 4-5 is a simplified representation of the level of gene order conservation 
between human chromosome 4 and the pig, mouse, sheep and cattle genomes. Only 
those genes whose positions are known in two or more species are shown. As the 
position of many genes is unknown the level of conservation across species, 
especially for sheep and cattle, will be more complex than is shown here. As 
mentioned previously porcine chromosome 8 is homologous to almost the whole of 
human chromosome 4. There is evidence of a region of inversion from BMPRIB to 
COPS4 and a region that has been relocated around CPE. The telomere of the q arm 
of HSA4 appears to be least conserved. AGA maps to pig chromosome 15 (Jiang et 
al., 2002a and (Larsen et al., 1999) and MTNRIA to pig chromosome 17 (Jiang et al., 
2002a; Messer et al., 1997 and (Larsen et al., 1999). The order of the homologous 
genes on mouse chromosome 5 appears to be identical to that of the equivalent 
region on human chromosome 4, except for the very telomeric region of the p arm of 
HSA4 (around PDE6B), which appears to have broken off and rejoined to the far end 
of mouse chromosome 5. The rest of HSA4 shows a very low level of conservation 
in the mouse. 
Gene order conservation appears to be very similar between cattle and sheep and as 
with the comparison of mouse and human, the lower half of HSA4 q arm is less well 
conserved with these two species than the rest of this chromosome. Interestingly the 
order of sheep and cattle genes in the block highlighted in blue on Figure 4-5 is very 
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Figure 4-5 Comparative mapping of human chromosome 4 with pig, 
mouse, sheep and cattle. Only key genes that map across more than one 
of the species are shown (The position of several genes is unknown). 
The chromosome numbers are marked next to each coloured block. 
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4.4. Discussion 
The alignment of the detailed gene map of human chromosome 4 with the radiation 
hybrid map built of pig chromosome 8 revealed that although the level of 
conservation of synteny between these two chromosomes is extensive, the 
conservation of gene order is more complex than previously thought. Ellegren et al. 
(1993a) carried out one of the early porcine gene mapping studies and they mapped 
the genes 1L2, ADH3 and SPPJ to porcine chromosome 8 relative to the gene 
markers PDGFRA and ALB. They resolved the gene order as PDGFRA, ALB, 1L2, 
ADH3 and SPPJ. They state that this group of genes, as well as FGA, FGB and 
FGG linked to ALB by Archibald et al. (1992), cover around three quarters of the q 
arm of HSA4, one of the longest chromosome arms in the human (Morton, 1991). 
Ellegren et al., (1993a) believe that the fact that these loci are syntenic in many 
primates and other mammals such as the pig, suggests that the group was present 
together on a single ancestral mammalian chromosome. 
Rettenberger et al. (1995) hybridised chromosome specific probes, representing each 
of the human autosomes, to pig chromosomes in metaphase state in order to 
determine the level of synteny between the human and pig genome. They describe 
that human chromosome 4 is conserved as the whole of porcine chromosome 8. 
Johansson et al. (1995) built a porcine comparative map of 38 genes whose 
presumed homologues had been mapped in humans and/or mice. They showed that, 
as would be expected, there are significantly more interchromosomal rearrangements 
between the pig and mouse genomes (around 77) than between pig and human 
genomes (around 35). 
Johansson et al. (1995) describe how the linkage group PDGFRA, ALB, SPPJ, 
ADH3, 1L2, FGG on human chromosome 4 has been disrupted by two independent 
translocations to mouse chromosomes 5 and 3 and to cattle chromosomes 6 and 17. 
Whereas the entire group is found on SSC8, but with at least one intrachromosomal 
rearrangement of gene order between FGG and SPP1, which appears to be unique to 
the pig lineage. As a result of the comparative mapping study described in this 
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chapter more genes have been mapped to SSC8 and the gene order resolved in more 
detail. 
The homologous region to the telomere of the q arm of HSA4 does not map to SSC8. 
AGA and KLK3 map to HSA4q35 and to pig chromosome 15 (Jiang etal., 2002a and 
(Larsen et al., 1999) and M77VR1A maps to the distal region of HSA4q35 and to pig 
chromosome 17 (Jiang et al., 2002a; Messer et al., 1997 and Larsen et al., 1999). 
Larsen et al. (1999) suggest that there appears to be an increased level of 
rearrangements around the telomeric regions of chromosomes across mammalian 
species. This was certainly seen in Figure 4-5, when comparing the telomere of the q 
arm of HSA4 with mouse, pig, sheep and cattle genomes. One explanation for this 
phenomenon could be that there is an increase in meiotic recombination rate around 
the telomeres (Larsen et al., 1999). 
The detailed gene map of HSA4 from Ensembi, showed that the most telomenc gene 
on the p arm appears to be PDE6B. This gene was not mapped in this study and it 
was therefore not possible to be certain whether the whole of HSA4p was conserved 
on SCC8. However Rohrer (1999) did map PDE6B and not unsurprisingly it was 
located at the telomere of the p arm of SSC8. Therefore it appears that the whole 
section of HSA4 from PDE6B to CPE is conserved in SSC8, but with some 
rearrangement of gene order (see Figure 4-5). 
Out of the twenty-four genes on HSA4 that revealed homology to published porcine 
genomic or EST sequences in this study, only ten were successfully mapped to 
SSC8. This clearly demonstrates the limitation of using radiation hybrid mapping to 
map gene sequences, especially where only coding sequence is available for primer 
design. Only two of the porcine EST sequences were successfully used to map these 
genes to SSC8. ESTs are the most readily available type of gene sequence 
information stored in the databases; there are currently 110,437 porcine EST 
sequences in the GenBank database (November, 2002). However around 70 % of 
these ESTs are 5' reads and as mentioned previously 5' reads are much more likely 
to contain coding sequence than 3' reads and the primers used will most likely 
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amplify the homologous gene from the hamster DNA in the hybrid RH panel. This 
lack of success mapping EST sequences is unfortunate because radiation hybrid 
mapping is a relatively straightforward technique and could allow many markers to 
be mapped much more rapidly than would be possible with linkage map 
construction. 
The radiation hybrid panels are constructed from hybrid mammal and rodent DNA, 
two groups of animals that are relatively distant in evolutionary terms. Although 
most of the genome structure and sequence will be very different, the coding 
sequences of homologous genes are still highly conserved. This same problem was 
encountered following the development of comparative anchor tagged sequences 
(CATS) by Lyons et al. (1994), and Traced Orthologous Amplified Sequence Tags 
(TOASTs) by Jiang et al. (1998). The idea of both these studies was to aid the 
establishment of a common framework map for locating homologous genes across 
several mammalian species, by the design of "conserved" primer pairs within these 
gene sequences. However for the same reason that the gene marker sequences are 
conserved across species, these tags were not successfully mapped by radiation 
hybrid mapping. Jiang et al. (1998) suggest either refining the PCR conditions to 
advantage the donor species or to create a hybrid panel using more evolutionary 
distant recipient species such as fish or poultry and not mammals. 
One possible way to design primers from coding gene sequences for mapping over 
radiation hybrid panels could be to design a sequencing primer within the coding 
region of the gene and to sequence across porcine genomic DNA. This genomic 
DNA sequence can then be aligned with the coding region from the EST sequence 
and the exonic region identified. Where short exonic regions are present, then it is 
likely that the sequence obtained will extend into an intronic region. If this is seen to 
be the case, then either a marker for RH mapping can be designed directly from the 
intron region in the sequence read obtained or where more sequence is required, 
additional sequencing primers can be designed and a larger region of the genomic 
DNA sequenced. 
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By comparing gene maps across several species it is possible to investigate potential 
evolutionary chromosomal rearrangement histories and relationships in gene order 
between species. The main aim of the human genome project was to complete a 
high-resolution gene map of the whole genome. This can then to be used to provide 
a detailed resource for unravelling gene action controlling for example disease 
susceptibility, reproduction and ageing and also to aid in the unravelling of the 
evolutionary history of mankind (O'Brien et al., 1993). 
The genetics of the laboratory mouse (Mus mus cu/us domesticus) has been 
extensively studied due to its ease of breeding and the use of inbred strains. 
Although the mouse is a suitable model for molecular studies, it is a poor model for 
physiological studies (Bishop, 2000). The rat is much more appropriate for these 
types of studies and indeed a detailed radiation hybrid map of the rat has been 
produced (Watanabe et al., 1999). In addition, low-resolution genetic maps are now 
available for more than twenty-eight mammalian species, including several domestic 
species (O'Brien and Graves, 1991). It is therefore possible to use this information to 
look in depth at the pattern of chromosomal evolution across mammalian species. 
Rodents represent an early branch among placental mammals (Li et al., 1990). Janke 
et a/. (1994) estimated that rodents diverged from fenmgulates (carnivores and 
artiodactyls) and primates around 100 million years ago and ferungulates diverged 
from primates around 80 million years ago. This explains the higher level of 
conservation of synteny seen between species such as pig and cattle and human than 
with mice (Johansson et al., 1995). Although since the completion of the draft 
mouse genome sequence in December 2002, it is now suggested that primates and 
mice are more closely related than previously believed and that the divergence of the 
two lineages occurred 75 million years ago (Waterston et al., 2002). The Eutherian 
placental mammals diverged from the marsupial metatherian mammals 150 million 
years ago and their common ancestor diverged from the egg laying protherian 
mammals 170 million years ago. Mammals, birds and reptiles shared a common 
ancestor around 350 million years ago and interestingly reptiles are believed to have 
diverged from fish around 400 million years ago (Bishop, 2000). Indeed the level of 
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conservation of chromosomal synteny between more evolutionary distant species 
such as chickens from eutherian mammals is very low (Archibald, 1998). Burt et al. 
(1999) predict that one would expect 84 to 600 conserved segments in a comparison 
between the chicken and human genomes. Interestingly Waddington (2000) 
estimated that the number of conserved segments between chicken and mouse are 
almost double that of between human and chickens. 
Figure 4-5 demonstrates how a large region of HSA4 is conserved on a single 
chromosome in mice, sheep, pigs and cattle. Interestingly Burt (2002) describes 
conserved synteny between a large region of human chromosome 4, including the 
genes 1L2, KIT, 1L8, SPPJ, ALB and M4DH1 and the majority of chicken 
chromosome 4. The order of homologous genes mapped in sheep and cattle is 
almost identical (Echard et al., 1994 and (Hediger et al., 1991). More genes have 
been located in cattle than sheep and therefore the gene locations can be transferred 
to sheep maps relatively easily. For example Cockett et al. (1994) used bovine 
microsatellite markers to map the callipyge muscle hypertrophy gene in sheep. The 
causative mutation of this gene has recently been identified (Freking et al., 2002). 
Montgomery et al. (1995b) describe how, due to the inversion of gene order, the 
region containing the gene SPPJ is much closer to the q arm telomere of mouse 
chromosome 5 and pig chromosome 8 than on human chromosome 4 or sheep and 
cattle chromosomes 6. Montgomery et al. (1995b) also discuss that the region 
around the Booroola gene (BMPR1B), which is linked to SPPJ in sheep, remains 
intact in humans, sheep and cattle and these species have single or twin births. 
Whereas the mouse and pig have much larger litter sizes and there is a breakpoint 
and inversion of the region around the homologue of BMPRJB. 
Figure 4-5 confirms that the inversion of this region to the telomere of the q arm has 
only occurred in pigs and mice. Although the genes SPPJ and in particular BMPRJB 
do not map as close to the telomere of SSC8 as was previously thought. In addition 
the order of genes on sheep and cattle chromosomes 6 is very different to that of 
mouse chromosome 5, pig chromosome 8 and human chromosome 5; where the 
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order between these three species is relatively much more similar. It is difficult to 
reason why this particular change in gene order might be connected to the number of 
offspring a species has. 
As mentioned previously Souza et al. (2001) and Wilson et al. (2001) mapped the 
Booroola fecundity gene on sheep chromosome 6 around 4 or 5 cM from SPPJ. 
Interestingly the physical map of HSA4 shows that SPPJ is around 10 Mb 
(equivalent to around 10 cM) away from BMPR1B and on the radiation hybrid map 
of porcine chromosome 8, BMPR1B was mapped around 120 cR (equivalent to 
approximately 9 cM) away from SPP1. BMPR1B has in fact been mapped using 
radiation hybrid data to mouse chromosome 3 (MGI Accession ID: 1933683 
htU2://www.informatics.iax.org/searches/reference.cgE69850) . It would therefore 
appear from Figure 4-5, that the gene order between HSA4 and MMU5 is the same 
(apart from the far p arm telomeric region being translocated to the telomere of the q 
arm) and that the breakpoint has occurred between the genes SPP1 and BMPR1B, 
such that SPPJ maps to MMTJ5 and BMPR1B maps to MMU3. 
The most detailed comparative mapping study of HSA4 and SSC8 carried out to date 
was performed by Jiang et al. (2002a). The results were published at the same time 
as my radiation hybrid map of SSC8 was completed. Not all of the same genes have 
been mapped in both studies and it is therefore possible to investigate the results of 
the two comparative maps built simultaneously and to compare and contrast 
homologous gene orders. This will give a better understanding of the patterns of 
gene order conservation between HSA4 and SSC8. 
Jiang et al. (2002a) used a similar methodology to the experiment described in this 
chapter, utilising a pig-mouse radiation hybrid panel created with 5 Krads of 
irradiation. They successfully mapped 46 homologues of human genes to the porcine 
genome. They aligned the RH map built with a sequence map of HSA4 as well as 
cytogenetic pig and human maps. They describe that HSA4 is split into nine 
conserved segments, seven with SSC8, one with SSC15 and one with SSCI7. The 
order of the genes within four out of the seven segments on SSC8 is reversed with 
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respect to HSA4. Figure 4-6A shows an adapted version of the comparative map 
built by Jiang et al. (2002a) and alongside in Figure 4-6B is shown the equivalent 
map built using the data from this chapter. Although the general pattern of 
conservation across the two studies is very similar, Jiang et al. (2002a) had mapped 
several more genes to SSC8 and could therefore define the regions of inversion and 
translocation with more precision, than was possible for this experiment. 
It can be seen that the order of the genes EGF and 1L2 are reversed between the maps 
of SSC8 in Figure 4-6A and Figure 4-613. If the order of these two markers should 
indeed have been reversed on my map, then the "pink region" could have been 
extended. When higher resolution gene maps of SSC8 have been built and the order 
of genes on HSA4 is determined with more certainty, the definition of the conserved 
segments and gene order can be ascertained with more certainty. In addition 
Waddington (2000) describes a mathematical model for estimating the extent of 
conserved segments, which allows one to predict undiscovered segments using data 
from known blocks of conserved synteny between two species. 
The position of the gene CPE on the radiation hybrid map of SSC8 relative to its 
position on HSA4 (Figure 4-2) was initially a surprise, despite the confidence of 
mapping it next to the microsatellite marker S03 76 being so high (LOD score 18.2 - 
see Figure 3-6). In contrast, Cargill et al. (1998) had mapped this gene next to the 
microsatellite marker S0086, which maps about 400 cR from S03 76, between the 
genes SCYB6 and EGF (Figure 4-2). However the comparative map built by Jiang et 
al. (2002a) confirmed that this translocation of a small region around CPE is most 
likely to be genuine. They had mapped the gene KLHL2 to the same region on SSC8 
(the red segment on Figure 4-6A). The detailed gene map of HSA4 obtained from 
Ensembl maps KLHL2 at around 163 Mb and CPE nearby at around 172 Mb and it is 
therefore likely that these two genes will be co-located in the same region. In order 
to be certain of the definite position of CPE on SSC8, further genes will need to be 
added to the RH map in this region. 
149 
A 	 HSA4 	 SSCS 	 HSA4 	 SSC8 





)DPR 	 QDPR 	 QDPh 	 QDPR 
SLIT2 SUT2 SUT2 SUT2 
KIT KIT 
C3NIO 	 'JNRHR 	 CPE 
GNRHR 	 CSN10 
AREG 	 ALB 	 ii 	 GNRHR 
AREO ALB SCYB6 	 CSN1O 
CSN 10 IBSP 	 COPS4 1L2 
sppi GNRHR 	 IBP 	 SCYB6 
FOG SPP1 FOG 
EJ3F 	 BMPR1B 	 FOF 
PMBP 1L2 	 EUF 
1L2 PMBP 1L2 	 A 	BMPR1B 
EOF 	 fri' 
FOG 	 SPP1 FOG 	 IBS? 
KLHL2 	 CPE 
IBSP 	 COPS4 
AGA SSC15 	AGA 	
AGA 
KLKB1 	 KLKB1 KLKE1 
MTNR1A SSCI7 	MTNR1A 	 MTNRIA 
Figure 4-6 (A) Adaptation of the comparative map of human chromosome 4 (HSA4) with the porcine genome, built by Jiang 
et al, 2002. (B) equivalent comparative map of human chromosome 4 (HSA4) and pig chromosome 8 (SSC8) built from the 
findings of this experiment. Coloured segments are homologous across chromosomes and an arrow indicates an inversion 
in gene order within that segment. 
These detailed comparative maps of HSA4 versus SSC8 built by myself and Jiang et 
al. (2002a) are a valuable tool for the positional cloning of causative genes 
underlying the economically important QTL mapped to SSC8. 
The teat number QTL (age group one animals) mapped around the SLIT2 gene 
(Figure 2-6B) and as mentioned in section 2.4 this gene is unlikely to be a putative 
candidate gene for this trait. It can be seen from Figure 4-2 that this region maps 
much closer to the p arm telomere on the RH map than was predicted from the 
linkage map and that the only gene marker that was mapped near to SLIT2 was 
MAN2B2. MAN2B2 is not a positional candidate gene for teat number as it maps 
next to the marker SW2611, which can clearly be seen from Figure 2-613 to lie far 
outside the QTL region. Campbell and Rohrer (2000) investigated MAN2B2 (alpha 
mannosidase) as a potential candidate gene for the ovulation rate QTL mapped to 
SSC8 pter by Rohrer et al. (1999). This gene plays an important role in determining 
the glycosylation status of follicle stimulating hormone and luteimsing hormone. 
However they found no evidence for an association with the genotypes at the 
polymorphisms investigated in the gene sequence and ovulation rate. They state that 
the gene is still a plausible candidate in the control of ovulation rate and they are 
investigating associations with additional polymorphisms. 
In addition, the two QTL model for teat number (age group one animals) highlighted 
a second teat number QTL around the AREG gene. The additional genes that were 
mapped to this centromeric region were CSN1O, CSNJ, AMBN, SCYB6 and 1L8; 
GNRHR and STE were already mapped on the linkage map of SSC8. Milk casein 
can be separated into three components, CSNJO (kappa-casein), CSN1 (alpha-casein) 
and CSN2 (beta-casein), all of which are closely linked on human chromosome 4. 
AMBN (ameloblastin) is associated with mineralised tissues and in rats it has been 
shown to be expressed only in teeth, specifically to the ameloblast in the incisors 
(Krebsbach et al., 1996). AWN a strong candidate gene for amylogenesis 
imperfecta, a disorder of teeth (MacDougall et al., 1997) and is therefore not a 
physiological candidate for ovulation rate or teat number. 
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SCYB6 (small inducible cytokine subfamily B, member 6) and 1L8 (interleukin 8) are 
both granulocyte chemotactic proteins (Proost et al., 1993). Chemokines regulate 
cell trafficking of various types of leukocytes and play a fundamental role in the 
development, homeostasis, and function of the immune system (Fong et al., 1998). It 
is therefore also unlikely that these genes are candidates for the reproductive traits of 
interest. 
STE (estrogen-preferring sulfotransferase) removes the sulfate group from the 
precursor estrone sulfate to form active estrogens. The placental and brain estrogen 
sulfotransferase gene has been mapped to human chromosome 16 (Bernier et al., 
1994) and the liver estrogen sulfotransferase cDNA to chromosome 4 (Her et al., 
1995). Finally GNRHR (gonadotrophin releasing hormone receptor) has already 
been identified as a strong candidate gene for the ovulation rate QTL mapped around 
the centromere of SSC8 by myself (chapter 2) and by Wilkie et al. (1999) and 
Braunschweig et al. (2001). 
Of most interest is that the detailed comparative maps now built between human 
chromosome 4 and porcine chromosome 8, have allowed the relative position of the 
prenatal survival QTL around the telomere of SSC8 q arm to be located on human 
chromosome 4. The QTL maps between the markers 5W61 and S0178 near the end 
of the q arm of SSC8; previously only two genes had been mapped to this region (see 
Figure 2-6C). It can be seen from Figure 4-2 and Figure 4-3 that the equivalent 
region on HSA4 is from around 82 Mb to around 95 Mb (It is uncertain whether the 
genes BMP3, HNRPD and HNRPDL would map to the telomere of SSC8 q arm). 
Figure 4-7 shows a close up of this specific region taken from Figure 4-2. It can be 
seen that five genes have now been mapped to this region in pigs and it is discussed 
below whether there is a role of these genes in controlling prenatal survival and litter 
size. In contrast up to twenty-three human genes have been mapped in this 
homologous region and one could be very confident from the comparative maps 
built, that all the genes in this small region would also map to the QTL region on 
SSC8. Therefore if further candidate genes are required to be investigated in this 
region, then the role of these human genes can be researched. 
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BMPRJB (the pig homologue of the Booroola fecundity gene) appears to map just 
outside this QTL region (Figure 4-2). A copy of the FecB mutation increases litter 
size in sheep by one extra lamb. This is achieved through an increased ovulation rate 
caused by advanced maturation of ovulatory follicles (Souza et al., 2001 and (Wilson 
et al., 2001). The litter size QTL effects on SSC8 appear to be attributable to 
improvements in embryo survival and no QTL for ovulation rate were identified in 
this region. It is therefore possible to exclude BMPRJB as a candidate gene for the 
prenatal survival/litter size QTL. Recently Kim et a! mapped BMPR1B on the 
USDA-MARC linkage map of SSC8 and they found it to be linked to the marker 
SW790 (Kim et al., 2003). It can be seen from the alignment of my RH map with the 
USDA-MARC linkage map (Figure 3-9) that on the RH map BMPR1B was linked to 
SW194 and on the USDA-MARC linkage map SW194 is linked to SW790; therefore 
it appears that BMPR1B has been mapped to the same location on both maps. Kim et 
al. (2003) also state that BMPR1B maps outside the region of the uterine capacity 
QTL identified on the q arm of SSC8 by Rohrer etal. (1999). 
SPARCL I (SPARC-like protein 1, high endothelial venule protein, hevin) is an 
extracellular matrix glycoprotein with a function in cell adhesion and proliferation; it 
is believed to have anti-adhesive properties similar to those of SPARC (Girard and 
Springer, 1995). It is expressed in several tissues including ovary and lower levels in 
the placenta (Girard and Springer, 1995). Bertani et al. (2002) used differential 
display PCR to investigate differences in gene expression in the anterior pituitary of 
a group of control pigs and the Nebraska line selected for increased ovulation rate 
and embryo survival over several generations. Interestingly they found that 
SPARCLI was differentially expressed between the two groups of pigs and they 
mention that this gene maps within their age at puberty QTL, which also maps to the 
telomere of the q arm of SSC8 (Cassady et al., 2001). 
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Figure 4-7 Close up of the region of the prenatal survival QTL on SSC8 and 
the homologous region on HSA4 (taken from Figure 4-2). Gene associated 
markers are highlighted in green and microsatellite markers are highlighted in 
blue. 
DSPP (Dentin Sialophosphoprotein) is a highly acidic protein and is the major non-
collagenous component of dentin. It is solely expressed by the ectomesenchymal 
derived odontoblast cells of the tooth. Takagi and Sasaki (1988) suggested that a 
deficiency of this protein is a causative factor in dentinogenesis imperfecta and this 
gene is therefore clearly not a candidate for a role in controlling embryo survival 
levels and subsequent litter size in pigs. COPS4 is a human homolog of an 
arabidopsis gene known as CON signalosome homolog subunit 4 and would 
therefore also not appear to be a physiological candidate. 
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IBSP (integrin-binding sialoprotein), like SPP 1, is an acidic glycoprotein that 
undergoes extensive posttranslational modifications. It constitutes approximately 
12 % of the noncollagenous proteins in human bone and is synthesized by skeletal-
associated cell types, including hypertrophic chondrocytes, osteoblasts, osteocytes, 
and osteoclasts. Interestingly the only extra skeletal site of its synthesis reported is 
the trophoblast (Kartsogianms et al., 1999). 
PMBP or PGRMC2 (progesterone receptor membrane component 2) maps to human 
chromosome 4 and has been shown to be preferentially expressed in the placenta 
(Gerdes et al., 1998). The gene maps between FGG and 1L2 on human chromosome 
4 and although it was not possible to map PGRIvIC2 to the RH map of SSC8, from 
the comparative mapping information this gene would be predicted to map at around 
1300 cR on Figure 4-2 (near marker S0225). Indeed Jiang et al. (2002a) mapped the 
gene between the markers 1L2 and EGF. Therefore although PMBP (PGRMC2) 
may be predicted to be a candidate gene, it does not map within the prenatal survival/ 
litter size QTL regions. 
In humans the genes IBSP, SPPJ, DSPP, AMBN and BMP3 are all associated with 
mineralised tissues and all map close together on chromosome 4 (Figure 4-2). Due 
to the inversion event between porcine chromosome 8 and human chromosome 4, 
these genes do not map together in pigs (Figure 4-2). SPPJ, IBSP and DSPP map to 
the telomere of the q arm and AMBN to the centromere. In humans BMP3 maps 
between AREG and DSPP, at the location of the inversion breakpoint. I had been 
keen to map this gene to the porcine RH map of SSC8 in order to refine the location 
of where the breakpoint occurs and to determine whether BMP3 does indeed map to 
the prenatal survival QTL region around SSC8qter. However unfortunately the PCR 
screen had been unsuccessful. BMP3 (bone morphogenetic protein 3) is a member 
of the transforming growth factor-beta supergene family and has been shown to 
induce bone formation (Tabas et al., 1991). It is therefore still not known whether it 
might be a candidate gene for prenatal survival on physiological or positional 
grounds. 
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In conclusion there are two known potential physiological candidate genes now 
mapped within the prenatal survival QTL regions on SSC8, SPARCL1 and SPP1. As 
mentioned in chapter 2, SPPJ remains the strongest physiological and positional 
candidate gene for the control of prenatal survival rates. The sequence, structure and 
role of this gene in the early embryo implantation period were therefore investigated 
in detail (chapter 5). SPARCL1 is currently being investigated by the Nebraska 
group (Bertani et al., 2002) and one could confidently predict that the homologues of 
the human genes shown in Figure 4-7 will also map within the prenatal survival QTL 
region. Therefore future work could involve the investigation of other potential 
physiological candidates from this selection of genes. 
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Chapter Five 
5. DETERMINATION OF SPPI GENE STRUCTURE AND SNP 
IDENTIFICATION 
5.1. Introduction 
Evidence suggests that there is a QTL around the telomere of the q arm of porcine 
chromosome 8, controlling litter size and the related trait of prenatal survival. The 
beneficial alleles at this locus appear to be from the Meishan breed (Figure 2-6C and 
Table 2-5). The gene, known as secreted phosphoprotein 1 (SPPJ) or osteopontin 
(OP]'T), maps within the 95 % confidence interval for this QTL. Indeed it lies 
directly under the highest estimated F value on the QTL plot, this being the most 
likely position of the QTL (Figure 2-6C). 
On its own this finding does not provide sufficient evidence to justify investigating 
this positional candidate gene. The confidence interval for the QTL is large and thus 
there are many positional candidate genes. However, there are other lines of 
evidence that indicate that SPP1 merits further examination as a candidate gene. 
First, van der Steen et al. (1997) demonstrated a positive association between two 
alleles at a microsatellite locus (5' of the coding region of SPPJ) and an increase in 
litter size in a Meishan 50 % synthetic line. Following this, a polymorphic marker 
(SPPJ-1) based on the same microsatellite repeat was typed and included in the QTL 
analysis (chapter 2). 
More recently, Korwin-Kossakowska et al. (2002) reported a positive association 
between the presence of a SINE (a mammalian-wide interspersed repeat element) in 
the SPPJ gene and higher litter size in a commercial Polish pig line. Individuals that 
were homozygous for the presence of the SINE had an average litter size (total 
number born) of 11.98 piglets. Individuals homozygous for the absence of the SINE 
had 11.08 piglets and heterozygous animals 10.92 piglets. The difference between 
these genotype classes was significant (P <0.05) and demonstrated that the additive 
effect was positive (+0.45 piglets) and the dominance effect negative (-0.61 piglets). 
A negative dominance effect indicates negative overdominance, where the 
performance of the heterozygotes is inferior to both classes of homozygotes. The 
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same trend in the genetic effects was observed for the QTL for prenatal survival level 
and litter size (Table 2-5). 
These reports of association between litter size and SPPJ marker genotypes, 
however, may simply indicate the presence of a gene influencing little size, which is 
closely linked to but distinct from SPPJ. Similarly, in the QTL analysis (chapter 2) 
it may be SPP1 or a closely linked gene that is influencing the trait. 
The justification for considering SPPJ further mainly comes from complementary 
lines of research on the function of this gene. Physiological studies demonstrate 
strong evidence for a role of SPPJ in embryo implantation and placentation in many 
species, including pigs (Fazleabas et al., 1997; Garlow et al., 2002; Johnson et al., 
1999b; Johnson et al., 1999a; Johnson et al., 2000; Omigbodun et al., 1997; 
Waterhouse et al., 1992 and{Johnson, 2001160 /id}. These studies show that during 
the pen-implantation period glands of the endometrium secrete histotroph, which 
contains several endometrial proteins including SPPJ. This histotroph nourishes and 
sustains the conceptus and SPPJ has been shown to promote remodelling of the 
trophectoderm, adhesion of the trophectoderm with the endometrium and the 
formation of the placenta (Johnson et al., 1999b; Johnson et al., 2000 and {Garlow, 
2002 344 /id}. It has been reported that the significant differences in prenatal 
survival levels between the Meishan breed and US and European commercial breeds 
can be mainly attributed to the marked reduction in pen-implantation conceptus loss 
seen in the Meishan breed (Ford, 1997; Vonnahme et al., 2002; Wilson, 2002 {Ford, 
1997 271 /id} and (Wilson et al., 1999). Even when the uterus size and the ovulation 
rate of the two breeds has been observed to be similar, the Meishan breed fanrows 
three to five more viable piglets per litter (Lee et al., 1995 and Haley and Lee, 
1993). 
Therefore there is positional and physiological evidence to indicate SPPJ as a strong 
candidate gene controlling differences in prenatal survival level and subsequent litter 
size. The evidence suggests that investigation of the different strategies utilised by 
158 
the two breeds during the pen-implantation period and the potential role of SPP1 
during this period would be worthwhile. 
The specific aim of this study was to sequence a copy of the entire gene (including 
around 2.5 kb 5' of exon 1) from Large White and from Meishan breed origin. 
Previously, only the coding and promoter regions of the gene had been sequenced in 
pigs (Wrana et al., 1989 and (Zhang et al., 1992a). The two gene sequences could 
then be compared with the purpose of identifying single nucleotide polymorphisms 
(SNPs) and other sequence variants in the exons and introns of the gene and also in 
the 5' promoter region. The level of sequence conservation in the different regions 
of the gene could then be investigated to determine whether any variants are found to 
lie within regulatory regions of the gene. Another aim was to determine whether 
those SNPs that result in a change in the amino acid sequence consequently change 
the secondary structure of the protein formed. 
Therefore this study has been the first to deduce the entire sequence of the SPP1 
gene and promoter regions in a European breed of pig (Large White). It has also 
allowed the direct comparison of the gene sequence with that of the breed of interest 
with respect to improved litter size, the Meishan breed. 
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5.2. Materials and methods 
(Protocols for all solutions mentioned are detailed in appendix I) 
5.2.1. Southern hybridisation of P1gE BAC library with target 
DNA probe 
5.2.1.1. Preparation of PigE BAC filters 
Southern hybridisation experiments involve the annealing of denatured single 
stranded radiolabelled DNA probes to complementary DNA fragments immobilised 
on membranes. The idea of immobilising a hybridising molecule on a solid support 
was first proposed by Denhardt (1966) and the transfer of desired DNA molecules to 
the membrane developed by Southern (1975). 
The Roslin PigE BAC (porcine bacterial artificial chromosome) library provides 
approximately five-fold coverage of the porcine genome and consists of 102,912 
clones, with each individual clone containing an insert of double stranded DNA, 
from a copy of a single chromosome, of around 150 kb (Anderson et al., 2000). The 
DNA used to create the library was obtained from peripheral blood lymphocytes of 
an Fl Large White / Meishan boar (for more detail 
htt://www.hgmp.mrc.ac.ukIgeneservice/reagents/products/descriptions/nig BAC.sht 
j). The library is commercially available as high-density gridded filters for 
screening and the individual clones are stored in LB agar + 7.5 % glycerol within 
single wells of 268 384-well microtiter plates (filters and clones are available from 
the UK HGMP resource centre). The library can be screened by hybridisation with 
the 102,912 clones gridded in duplicate in a 4x4 array onto six 22.2 x 22.2 cm 
Hybond N nylon membranes (Amersham Pharmacia Biotech, Amersham Life 
Science Ltd, UK). 
The set of six filters had been stored wet wrapped in Saran wrap at -20° C. These six 
membranes were first pre-hybridised in aqueous prehybridisation/hybridisation 
(APH) solution. This solution contains reagents that block non-specific DNA 
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binding sites on the membrane surface thereby reducing unwanted background 
hybridisation. 
By alternating with 4 layers of nylon membrane (Amersham Pharmacia Biotech, 
Amersham Life Science Ltd, UK) the first three filters were carefully unwrapped 
from the Saran wrap and using tweezers placed into a half full tray of APH solution, 
with the label of the filter in the top left corner of the tray. 
Again using tweezers the first three filters were loosely rolled up and placed into a 
glass cylinder (Techne, Cambridge, UK) and 20 ml APH solution added. This was 
repeated for the last three filters and both cylinders placed in a revolving hybridiser 
HB-1D oven (Techne, Cambridge, UK) at 65° C for 30 minutes. 
5.2.1.2. Radioactive labelling of DNA probe with [a32P]dCTP 
The method of priming random hexanucleotides of all possible sequences to a 
denatured DNA probe template, was first developed by Feinberg and Vogeistein 
(1983 and 1984). A complementary DNA strand is synthesised by Kienow 
polymerase using dATP, dTTP, dGTP and [a 32P]dCTP by priming to the 3' hydroxy 
termini of the random oligonucleotides. This produces a radiolabelled probe of the 
desired DNA template sequence, where all the cytosine bases in the sequence are 
labelled. 
Template DNA (25 ng) was added to double distilled water to a final volume of 11 itl 
into a 1.5 ml eppendorf tube. This DNA sample was then denatured at 95° C for 10 
minutes on PHC-2 thermocycler (Techne, Cambridge, UK). 
The sample was immediately placed on ice and 4 .tl High Prime labelling mixture 
(Roche Diagnostics, Mannheim, Germany) added. This mixture contains random 6-
mer oligonucleotides, 0.125 mM dATP, dGTP and dTTP, 5x stabilized reaction 
buffer in 50 % glycerol and 1 Uj.t1' Kienow polymerase. Taking the necessary 
precautions for use of radioactivity, 5 j.il 32P dCTP was added to the diluted DNA 
sample. This was then incubated for 10 minutes in a 37° C water bath, with a lead 
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cover over the sample tube to shield the radioactive emissions. The reaction was 
stopped and the radioactively labelled DNA denatured by adding 5 iti 2M NaOH. 
5.2.1.3. Hybridisation and auto radiography 
The labelled DNA was then diluted with 500 .t1 APH solution and 250 jil pipetted 
into each of the hybridisation cylinders containing the filters and the 20 ml APH 
solution. The bottles were mixed and incubated in the hybridiser HB-1D oven at 
650 C overnight. 
The hybridisation probe mix from both bottles was disposed of and 50 ml of wash 1 
added to remove excess probe and the cylinders returned to the hybridisation oven 
for 15 minutes. This wash was repeated, 100 ml of wash 2 was then added to each 
cylinder. Wash 2 has a lower salt concentration than wash I and removes any non-
specific binding. The cylinders were returned to the oven for 30 minutes and again 
wash 2 was repeated. 
The membranes were removed from the cylinders and the level of radioactivity on 
the filters confirmed to be less than 5 counts per second. Each individual filter was 
carefully blotted and wrapped in Saran wrap. It was then placed between 
intensifying screens in an autoradiography cassette with the label of the filter in the 
top left corner and secured in place. 
In the dark room, an X-ray film (AGFA-Curix Blue) was placed on top of the filters 
inside each of the 6 cassettes. The cassettes were then placed in a -80° C freezer 
overnight. The X-ray films were developed using an automatic developer (X-Ograph 
Compact x2). 
The positions of the positive clones for the DNA probe on the filters were 
determined first by identifying the filter number on which the duplicate positive 
signals are located. Then the position of the label on the filter was used to identify 
the panel in which the clones are located. The plate within that panel was 
determined by the orientation of the two positive signals within the 4x4 array on the 
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panel. The co-ordinates on the 384 well plates were determined by the location of 
the array on the panel by referring to the row (A-P) and the column (1-24). The 
location of the positive clones is given as the plate number - row and column. 
5.Z2. Obtain single colonies of clones and vector purification 
5.2.2.1. Preparation of LB (Luria-Bertani) plates 
It can be seen from Figure 5-1 that the pBe1oBAC 11 vector used to clone the 
genomic BAC library contains a chioramphenicol antibiotic resistance gene. It was 
therefore necessary to grow colonies from the positive BAC clones on agar 
containing the same antibiotic. 500 ml of LB bottom agar was melted and 250 .tl of 
25 mg/ml chloramphemcol added. Individual sterile petri plates were poured and left 
to set for around 60 minutes. All equipment was flamed in order to reduce 
contamination. 
SF6 











Figure 5-1 pBeIoBAC 11 vector used to clone porcine genomic PigE BAC 
library 
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By selecting the appropriate wells from the PigE BAC library plates containing the 
positive clones, the cells in that well were mixed, colonies picked and streaked onto 
the agar plates. This was repeated for each of the positive clones identified. These 
plates were then incubated in a 370  C oven overnight to allow colony growth. 
5.2.2.2. Preparation of LB Liquid broth 
37.5 j.tl of 25 mgmr' chloramphenicol was added to 150 ml of liquid LB broth and 
5 ml volumes aliquoted into universal tubes. Single colonies for each positive clone 
were picked into these tubes using a sterile pipette tip and incubated overnight at 
37° C in an incubator shaker at 300 rpm (New Brunswick Scientific, Edison, NT, 
USA). It was necessary to pick a single colony to confirm that only the clone 
containing the desired DNA insert was selected, as there is always a small risk of 
contamination from neighbouring wells containing different clones. 
5.2.2.3. Preparation of glycerol stocks 
500 j.il of liquid broth from each colony grown was dispensed into a small universal 
tube, spun at 1400 x g for 10 minutes using an IEC centra-8R centrifuge 
(International Equipment Company, USA), the supernatant removed and 250 .tl of 
LB with 25 % glycerol added. These were stored at -80° C. 
5.2.2.4. Vector DNA purification 
The QlAprep spin miniprep kit (Qiagen Ltd, Crawley, UK) was used to isolate the 
plasmid containing the desired DNA insert from the bacterial lysate. The liquid 
broth colonies were spun at 1400 x g (IEC centra-8R centrifuge) for 10 minutes, the 
supernatant removed and the pellets re-suspended in 250 j.tl buffer P1. The re-
suspended pellets were transferred to 1.5 ml eppendorf tubes and 250 jil buffer P2 
added. These tubes were inverted 4-6 times, until the solution turned clear. 350 tl 
buffer N3 was added and the tubes inverted 4-6 times. They were spun at 12,000 x g 
(Micro centaur, MSE) for 8 minutes and the supernatant transferred into a new 
eppendorf tube. 
200 j.tl ProCipitate (Liochem) was added to the supernatant and spun for 5 minutes 
at 12,000 x g (Micro centaur, MSE). The supernatant was transferred to a new 
164 
eppendorf tube and 600 j.tl isopropanol added. These were stored on ice for 30 
minutes and then spun at 12,000 x g (Micro centaur, MSE) for 10-15 minutes until a 
pellet was formed. The supernatant was removed and the pellet air-dried for a few 
minutes. 50 tl of TE was added and the tubes vortex mixed. 
Eluted DNA (2 tl) was run with loading dye on a 25 ml 0.8 % agarose gel 
(SeaKem® ME agarose, RMC BioProducts, Maine, USA) in lx EB buffer stained 
with 10 jig of ethidium bromide (Sigma-Aldrich Company Ltd, Dorset, UK) to check 
that a sufficient concentration of plasmid DNA had been purified for each clone. 
5.2.3. Primer design 
All primers were designed using the web based program Primer3 (http://www -
genome.wi.mit.edu/genomesoftware/other/primer3  .html) (Rozen and Skaletsky, 
2000). The sequence of the region of DNA for amplification was imported into the 
program and left (forward) and right (reverse) primers were designed accordingly. 
The primers were then ordered from MWG Biotech AG, Ebersberg, Germany and 
diluted in T10E1 to a stock concentration of 100 pmoljir'. 
5.2.4. Purification of target DNA PCR products 
5.2.4.1. Purification of PCR products from gel extraction 
PCR products were purified from the amplification products using QlAquick® Gel 
Extraction Kit (Qiagen Ltd, Crawley, UK) following the protocol for use with a 
microcentrifuge. All steps of the protocol were followed, the DNA was eluted in 
30 jil double distilled water and the columns were allowed to stand for 1 minute. 
5.2.4.2. Determination of gel purified DNA concentration 
The concentration of the gel purified DNA was determined by running 1 j.tl of the 
DNA alongside 2 jil and 4 jil of High DNA MassTm ladder (Invitrogen Life 
Technologies, Paisley, UK) through 0.8 % multipurpose (MP) agarose gel (Roche 
Diagnostics, Mannheim, Germany) stained with 40 jig ethidium bromide. This 
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ladder is composed of an equimolar mixture of six DNA fragments. Figure 5-2 
shows the size of the ladder bands and the concentration of DNA in each band. 
Fragment size (bp) 21.11  of ladder 41.11  of ladder 
10,000 100 n 200 n 
6,000 60 n 120 n 
4,000 40 ng 80 ng 
3,000 30 n 60 n 
2,000 20 ng 40 ng 
1,000 10 n 20 n 




Figure 5-2 Size and concentration of DNA fragments within the High DNA 
Mass' ladder. 
5.2.5. DNA Sequencing (ABI 373 sequencer) 
The ABI PRISMTM dye terminator cycle sequencing ready reaction kit (Applied 
Biosystems, Warrington, UK) was used for sequencing sample preparation. This 
ready reaction mix contains Amplilaq ® DNA polymerase FS; Tris-HC1, pH 9.0; 
M902 thermal stable pyrophosphatase buffer; dNTPs and dye terminator dNTPs. 
Sequencing reactions were carried out to a total volume of 10 j.tl; 4 1.j  ready reaction 
mix was added to I p1 of DNA (gel purified PCR product), 1 p.1 of sequencing primer 
(3.3 pmol.tl t ) and 4 p.1 of double distilled water into 200 p.1 eppendorf tubes. Where 
a higher concentration of DNA was required part of the water was substituted with 
additional DNA. The subsequent PCR reactions consisted of 10 seconds 
denaturation at 96° C, 5 sec at 55° C for primer annealing and 4 min at 60° C for 
primer extension and dye termination. The reactions were carried out for 35 cycles 
in a Perkin-Elmer Gene Amp-9700 thermal cycler. 
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5.2.5. 1. Acrylamide gel preparation 
The glass plates, spacers and comb were washed with Alconox® (Aldrich chemical 
Co., Milwaukee, USA), rinsed with distilled water and air-dried. The dried plates 
were laid horizontally in the correct orientation and aligned with the spacers (0.4 
mm). 
The gel consisted of 40 ml Ultra Pure SequaGel®  XR monomer solution (National 
Diagnostics, Hull, UK), 10 ml Ultra Pure SequaGel complete buffer reagent 
(National Diagnostics, Hull, UK) and 350 j.tl 10 % Ammonium Persulphate (APS). 
Using a 50 ml syringe attached to a 0.8 J.tm filter (Millipore) the gel was carefully 
poured between the plates ensuring no bubbles were formed. The comb was 
inserted, the plates clamped and the gel left to polymerise for around one hour. After 
polymerisation the clamps and comb were removed and the outsides of the plates 
were washed with distilled water and dried. The gel plate was set-up as per the 
instructions for the Applied Biosystems (ABI) model 373A automated DNA 
sequencing system. The gel was pre-run for half an hour to warm up the gel and 
prepare it for loading. The 373 sequencer uses slab-gel electrophoresis, the gel is 
formed by cross linking polyacrylamide and bis-acrylamide and the degree of 
crosslinking affects the porosity of the gel and therefore the resolution of separation 
of the DNA fragments. 
5.2.5.2. Precipitation of samples and gel loading 
The PCR dye-terminated products were precipitated with 35 j.tl 95 % ethanol at 4° C 
and the tubes placed on ice for 10 minutes. The samples were then centrifuged at 
13,000 x g (8000 series, Centurion) for 20 minutes. The supernatant was carefully 
removed and the tubes air-dried for 30 minutes. The pellets were then resuspended 
in 6 p1 of formamide loading buffer (Amersham Pharmacia Biotech, Amersham Life 
Science Ltd. UK) and denatured for 5 minutes at 94° C. The denatured samples were 
kept on ice prior to loading into the sequencing gel and 3 jil of each sample was 
loaded into alternate lanes of the gel. The remaining 3 1.il were stored at -20° C for 
use in a repeat sequence run if required. The gel was then pre-run for 5 minutes, 
stopped and then the remainder of the samples loaded. This loading procedure was 
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followed in order to prevent spill over between adjacent lanes. The gel was run for 
14 hours at 30 mA in 1 x TBE buffer. 
5.2.6. Analysis of sequence quality using Chromas 
The sequence traces produced for each sample run was analysed using the program 
Chromas 	(available 	from 	Technelysium 	Pty 	Ltd, 
(htti,://www.technelysium.com.au/chromas.html). 	The overall quality of the 
sequence and the length of the sequence read were assessed. 
5.2.7. Sequence assembly and SNP identification 
Sequence assembly and analysis was carried out using the Staden Package version 
2001.0 (Staden, 1996). 
5.2.7.1. Preparation of sequence reads using Pregap4 
Each individual sequence read was saved in the format of an ABI file and these files 
were imported into the program Pregap4. This program converts the trace file format 
(* .ABI) into standard chromatogram format (* .SCF), creates an experiment file 
(* .exp) for each trace and estimates confidence values for the accuracy of each base 
and consequently highlights any poor quality sequence. 
The option of "interactive clipping" within the program Trev (Bonfield et al., 2002) 
was then used to manually check each read and confirm or extend the areas of poor 
quality sequence. Pregap4 then creates a file containing all of the quality sequence 
reads, with the areas of poor quality masked. 
5.2.7.2. Assembly of sequence reads using Gap4 
Normal shotgun assembly allowing a maximum mismatch level of 4 % was used to 
assemble the sequence reads into contigs. Within this program it is possible to look 
at the sequences directly and therefore investigate any uncertainties. The orientation 
of the contigs was checked and the option of "find internal joins" was used to join 
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the contigs together. The consensus sequence from all the reads was then exported 
as a FASTA file. 
5.2.7.3. Alignment of sequences to identify putative variants 
The PASTA sequence files were aligned using a multiple sequence alignment 
program (Corpet, 1988), in order to identify variation between them. The alignment 
was then viewed and annotated within the program GeneDoc (Nicholas and 
Nicholas, 1997). 
5.2.7.4. BLAST searching for sequence homology 
The BLAST search program (http://www.ncbi.nlm.nih.g0vIBLAST/)  was developed 
by Altschul et al. (1997) and involves the use of local pairwise alignments between 
either nucleotide or amino acid sequences. An alignment score is produced by 
searching a "word size" of every 11 bases along the sequence of interest against all 
sequences present in the various databases mentioned. This therefore allows gaps to 
be introduced when matching the two sequences and an overall level of alignment 
ascertained. The output also reports a percentage identity between two sequences, 
however it is best to consider the alignment score, which is measured in "BITS", as 
the most reliable prediction of how accurate the match is. This BIT score is assigned 
an E value depending on how significant the match is. In order to avoid finding 
chance matches, a threshold of significance is produced from a model of random 
sequences. E values which are less than 1 e 2° can be considered to be significant. As 
a rough rule of thumb this represents an alignment with a bit score greater than 80. 
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5.3. Results 
5.3.1. Identification of P1gE BAC clones containing SPPI gene 
sequence 
In order to ascertain the complete sequence of the SPP1 gene, it was necessary to 
obtain genomic DNA containing the gene sequence. Therefore the Roslin PigE BAC 
library (Anderson et al., 2000) was screened with a DNA probe from an SPP1 cDNA 
clone to identify single clones containing part or the whole of this gene sequence. 
The aim was to sequence a copy of the gene from both the Large White and Meishan 
breeds of pigs and to investigate whether variation in the gene contributed to the 
differences seen in embryo survival and litter size between breeds. The library was 
prepared from an Fl purebred Large White x purebred Meishan boar and it was 
therefore possible to obtain copies of the gene from alternative chromosomes from 
the two breed origins. 
The full length eDNA clone of the porcine secreted phosphoprotein- 1 (SPP1) gene 
(EMBL accession no. X16575) described by Wrana etal. (1989) was available in our 
laboratory. The clone (-4.5 kb) was gel purified from the pT7T3-1OB vector. Figure 
5-3 shows the structure of the vector containing the cDNA clone. The restriction 
enzyme BamH 1 was used to cut out the insert and the resulting product gel purified. 
The DNA fragment used to screen the Roslin PigE BAC library therefore contained a 
small amount of vector either side of the complete SPP1 cDNA. 
BH1 	SEP1 COW,4 







Figure 5-3 Structure of PT7T3-I0B vector containing SPPI cDNA insert 
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A radioactive probe was prepared for the cDNA sequence, to screen the Roslin PigE 
BAG library for clones containing the SPPJ gene. By running lpl of the cDNA 
insert along side High DNA MassTm Ladder (Invitrogen Life technologies) on I % 
MP agarose gel stained with 40 .tg ethidium bromide, it was possible to estimate the 
concentration of the insert DNA to be only around 2.5 ng .tF' (Figure 5-4). The ideal 
concentration of template DNA for labelling is a minimum of 25 ng, therefore the 




3 k - 
2 kU 
Figure 5-4 Determination of the concentration of the porcine cDNA insert 
Seven positive BAG clones were identified to contain sequence from the SPPI gene: 
44c21, 120d12, 123m22, lSOall, 157-gl1/12, l73-al3/l4 and 2Olnl3. The location 
of the clones on plates 157 and 173 was uncertain because the position of the positive 
label on the filter screen appeared to overlap two wells on the 384 well plates. It was 
therefore decided that both clones that the probe appeared to bind to, should be tested 
for the presence of the SPPI gene. 
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5.3.2. Confirm presence of entire SPPI gene from Large White 
and Meishan breeds in positive BA  clones 
It was necessary to identify which of the positive BAC clones contained sequence for 
the entire gene and also to locate a copy of the gene inherited from the purebred 
Large White parent and a copy from the Meishan. 
5.3.2.1. Screen positive clones to confirm presence of SPPI 
gene 
Each of the positive clones was tested to confirm the presence of the SPP1 gene 
using PCR. Known primers from the 5' region of intron I were used, forward 
5' -CCGCTGATGGTTGCTGTC-3' and reverse 5 '-ATCTGCCCTGGATCTGAC-3'. 
A 9 jil reaction mix was made into 0.5 ml eppendorf tubes. The mix consisted of 10 
pmol of each primer (MWG Biotech AG, Ebersberg, Germany), 2.5 MM  MgC12 in lx 
PCR buffer II (Applied Biosystems, Warrington, UK), 2.5 mM of dTTP, dCTP, 
dGTP and dATP (Amersham Pharmacia Biotech i, Little Chalfont, UK) and 1 U 
AmpliTaq gold (Applied Biosystems, Warrington, UK) and the edge of a single 
colony was picked into the PCR mix. The location of the colony picked was marked 
on the plate. A couple of drops of oil were added to seal the PCR mix. The PCR 
reactions were carried out on TRIO-thermoblock PCR machine (Biometra) using the 
following program: 
Denaturation cycle: 94° C 12 mm 
lOx cycles: 	940 C 20 sec 
52° C 30 sec 
72° C 30 sec 
25x cycles: 94° C 20 sec 
58°C3Osec 
72° C 30 sec 
Extension cycle: 	72'C 5 mm 
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To confirm which of the clones amplified the specific 150 bp PCR product from 
intron I of the SPPI gene, 9 p1 of each of the PCR products were separated by 
electrophoresis through a 25 ml 4 % MP agarose gel in lx EB buffer stained with 
10 .tg ethidium bromide. 
BAC clones 44c21 and 201n13 were the only ones out of the possible nine positive 
clones to contain the region of SPP1 intron 1 tested for. Consequently the remainder 
of the single colony chosen for each of these two clones was picked into LB broth. 
Glycerol stocks were made to ensure that additional stock DNA of the specific 
colony picked would be available if required. The BAC DNA was then purified 
using the QlAprep spin miniprep kit (Qiagen Ltd, Crawley, UK) and confirmed by 
gel electrophoresis to be of sufficient concentration. 
5.3.2.2. Identify clones containing entire SPPI gene 
Primers were designed that flanked or lay within six of the seven exons of the gene 
and within the promoter region 5' of exon I (Table 5-1). The sequence information 
for primer design was obtained from published porcine sequences (GenBank 
accession numbers M84121, X 165 75 and AJ237667). 
Table 5-1 Primers designed around exons and promoter region of SPPI 
Region of 
SPPJ gene 
Forward primer Reverse primer Product size 
(base pairs) 
Promoter 5'-AACCATAGTGAATCCTGCGG-3' 5 '-GCTCTGAGCCCATTTGAAAC-3' 550 
Exon 1 5 '-GATGTCTGGTGCAGCCTTTA-3' 5 '-TCCCCGTGAAATGAAACAGT3' 192 
Exon 2 5' -TGTGOTGGCTTGAAAAGATG-3' 5 '-TGTACTCACTGGAAOGGCAGA3' 149 
Exon 4 5 '-GCTTTCCAACAAATACACAGATG3' 5 '-CTGTGGCGCTAGGAAAOTCT3' 82 
Exon 5 5'-GAOGAAACGGACGACTTCAA-3' 5'-GTCAGCGTGATCAGCTTCCT-3' 144 
Exon 6 5 '-AGCAACCGACGTCACTCC-3' 5 '-ATACATGAGCCTGCCGATTC-3' 194 
Exon 7 5 '-CATCCCTGGCTGTTCATTTA-3' 5 '-GGCTGACTCGTCTCCTGACT-3' 198 
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PCR was carried out on the purified DNA from the BAC clones 201n13 and 44c21 
using all of these primer pairs. A 10 pl reaction mix was made for each clone and 
primer pair. This PCR mix consisted of 5 pmol of each primer (MWG Biotech AG, 
Ebersberg, Germany), 1.5 MM  MgCl2 in lx PCR buffer I (Enzyme Technologies 
Ltd, Cambridge, UK), 2.5 mM of each dTTP, dCTP, dGTP and dATP (Amersham 
Pharmacia Biotech i, Little Chalfont, UK), 0.25 U super taq (Enzyme technologies 
Ltd, Cambridge, UK) and 1 j.tl of purified DNA diluted 1 in 100 with double distilled 
water. 
The GeneAmp PCR system 9700 (Perkin Elmer, Foster City, CA, USA) was used 
with a touchdown PCR program: 
Denaturation cycle: 94° C 5 mm 
7x cycles: 	94° C 20 sec 
62° C 20 sec*  Decrease 1° C per cycle to 56° C 
72° C 30 sec 
25x cycles: 94° C 20 sec 
56° C 20 sec 
72° C 30 sec 
Extension: 	72° C 5 mm 
In order to determine which of the BAC clones contained the whole of the SPP1 
gene, 1 tl of PCR product from each of the regions of the gene was run with 100 bp 
DNA ladder (Invitrogen Life Technologies) through a 25 ml 4 % MP agarose gel 
(Roche Diagnostics, Mannheim, Germany) in lx EB buffer stained with 10 pug 
ethidium bromide. It can be seen from Figure 5-5 that the porcine DNA insert from 
both BAC clones 201n13 and 44c21 appeared to contain the entire SPPJ gene. The 
region amplified by the primers within exon 5 was seen to be much larger than 
expected and those in exon 7 also amplified a region of just over 300 bp as well as 
the expected amplicon of 198 bp. However the results of the gel in Figure 5-5 
provided sufficient evidence to prove that the whole of SPPJ from the promoter 
region to exon 7 is present in the two BAC clones. It was later realised that exon 5 
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was smaller than predicted and that the reverse primer believed to be located in exon 
5 actually lay at the 3' end of intron V and consequently the region amplified by 
these two primers was in fact over I kb and not the expected size of 144 bp (see 
position of the primer SPPEx5R on Figure 5-12). 







Pro Exi Ex2 Ex4 Ex5 Ex6 Ex7 	Pro Lxi Ex2 EA Ex5 Ex6 Eic7 
Figure 5-5 PCR products of BAC clones 201n13 and 44c2l across seven regions of 
SPPI gene. (M100 bp ladder, Pro = promoter region (550 bp), Exi = exon 1 region 
(192 bp), Ex2 = exon 2 region (149 bp), Ex4 = exon 4 region (82 bp), Ex5 = exon 5 
region (144 bp), Ex6 = exon 6 region (194 bp) and Ex7 = exon 7 region (198 bp). 
5.3.2.3. Distinguish copies of the gene from Meishan and Large 
White 
A SNP had been identified previously in a Meishan x Large White crossbred 
population, at the 5' end of intron I (position 2770 of SPPI (appendix II)), which 
resulted in a base change from guanine to thymine (Carole Sargent, personal 
communication). Where base G was present, this allele cut with the restriction 
enzyme MnlI. It was necessary to determine whether this polymorphism exhibited 
breed specific alleles. 
Genomic DNA was used from 30 Fo individuals from the three populations outlined 
in section 2.2.1. and from the Fl boar used to create the BAC library and his 
purebred Meishan father and Large White mother. The PCR mix and reaction 
conditions are the same as described in section 5.3.2.2 and the primers used were 
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those flanking exon 1 (see Table 5-1 (forward = 5'-GATGTCTGGTGCAGCCTTFA-3' and 
reverse = 5 '-TCCCCGTGAAATGAAACAGT-3' and a product size of 192 bp)). In this 
experiment 50 ng genomic DNA was added into the PCR mix and the GeneAmp 
PCR system 9700 (Perkin Elmer, Foster City, CA, USA) was used. To check that 
the PCR had been successful, I t1 of PCR product (192 bp) from a few of the 
samples were run through a 25 ml 4 % MP agarose gel stained with 10 ig ethidium 
bromide (see Figure 5-6). 
M 	 M 
':o bp 
100 bp 
Figure 5-6 Confirmation that PCR products of 192 bp had been successfully 
amplified for six of the DNA samples. (M= 100 bp DNA ladder). 
The PCR products (10 j.tl) were then digested with 5 U of MnlI, Ix Buffer 2 and 
0.01 % BSA (New England Biolabs) at 37° C for two hours. The recognition 
sequence of Mn!I is CCTC. The amplicon for individuals with base G at the SNP, 
will be digested by MnlI to give five fragments (109 bp, 27 bp, 26 bp, 23 bp and 7 
bp) and the amplicon with base T will be digested to give four fragments (132 bp, 27 
bp, 26 bp and 7 bp). It is therefore possible to distinguish the 109 bp product from 
the 132 bp product by running the samples on a high percentage agarose gel 
alongside a 100 bp DNA ladder. The restriction fragments (2 il) were run through a 
4 % MP agarose gel stained with 40 .tg ethidium bromide. The PCR and digest was 
carried out twice, in order to confirm that the fragments produced were not just a 
result of partial digestion (Figure 5-7). 
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M = 1 OObp ladder -ye = negative control 
10 1*0 
k. 
300 bp 	 M = 100 bp ladder. lr-4r = repeats of samples 1-4 above 
200 bp______________ 
100 bp 




M = lUObp ladder. 
Figure 5-7 Mn/I digest of PCR products incorporating a SNP at the 5' end of 
intron 1 of SPPI. Where base G is present at the SNP, the 192 bp PCR 
product will be digested to give five fragments (109 bp, 27 bp, 26 bp, 23 bp 
and 7 bp) and where base T is present the digest results in four fragments 
(132 bp, 27 bp, 26 bp and 7 bp). A. Results for 13 FO Large White 
individuals (1-13), the Fl boar used to sequence SPP1 (Fl) and his purebred 
Meishan (MS) and Large White (LW) Parents. The amplicon of individual 1 
was undigested, therefore the repeat digest is also shown (ir). B. Results 
for 17 FO Meishan animals (1-17). 
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All the Large White individuals were seen to be homozygous for the base T allele 
and all except two of the Meishan individuals (Figure 5-7B, samples 14 and 16) were 
homozygous for the base G allele. Individuals 14 and 16 were both heterozygotes. 
As noted earlier, the BAC library was prepared from an F 1 Large White/Meishan 
boar and indeed the PCR-RFLP confirmed that this F 1 boar was heterozygous for 
this SNP at the 5' end of intron 1. As expected his Large White dam was 
homozygous for the T allele and his Meishan sire was homozygous for the G allele. 
Therefore, this MnlI PCR RFLP test could be used to determine the breed origin of 
the cloned DNA inserts within the BAC clones shown to contain the SPPJ gene. 
This MnlI PCR-RFLP assay was used to test DNA from the two clones identified to 
contain the entire gene in the same way as described above for genomic DNA. As 
controls two genomic DNA samples, one from a Meishan individual homozygous for 
G (animal 3 on Figure 5-713) and one from a Large White individual homozygous for 
T (animal 5 on Figure 5-7A) were also tested. The results are shown in Figure 5-8. 
BAC clone 44c2 1 was shown to possess base T at this SNP and therefore appears to 
contain the Large White copy of the gene and BAC clone 201n13 was shown to 
possess base G and therefore appears to contain the Meishan copy of the gene. 
5.3.3. Obtain DNA fragments across five regions of the SPPI 
Primers were designed to amplify the whole gene by PCR from both BAC clones, 
representing the two breeds, across five overlapping regions. Published sequences of 
the gene were used for this primer design, which included the cDNA sequence, a 2 
kb promoter region 5' of exon 1, exons 1, 2, 6 and 7 and introns I and 6. This 
amplification across regions allowed the whole gene to be sequenced. The primer 
sequences are shown in Table 5-2. 
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1= 201n13, 2 44c21, 3= Large White, @ Meishan 
Figure 5-8 Mn/I digest: 44c21 equivalent to Large White (LW), 20103 
equivalent to Meishan (MS). (M = 100 bp ladder). 
Table 5-2 Primer sequences used to amplify 5 regions of SPPI gene. 
Primer name Primer sequence Product 
size 
Region 1 SPPaF (forward) 5'-GAATTCACTCGTCTTrCC1TTGA-3' -2.8 kb 
(Promoter and Exon 1) SPPE I 	(reverse) 5 '-TCCCCGTGAAATGAAACAGT3' 
Region 2 S PPE 1F (forward) 5'-GATGTCTGciTGCAGCCTFTA-3' -1.5 kb 
(Exons 1, 2 and 3 and SPPE3R (reverse) 5'-TCCGAGCTGCCAGAATTAGT-3' 
introns 1 and 2)  
Region 3 SPPE2F (forward) 5'-TGTGGTGGCUGAAAAGATG-3' -3.1 kb 
(Exon 2, 3 and 4 and SPPE4R (reverse) 5'-CTGTGGCGCTAGGAAAGTCT3' 
introns 2 and 3)  
Region 4 SPPE4F (forward) 5'-GCTTTCCAACAAATACACAGATG-3' -1.8 kb 
(Exon 4, 5 and 6 and SPPE6R (reverse) 5'-ATACATGAGCCTGCCGATTC-3' 
introns 4 and 5)  
Region 5 SPPE6F (forward) 5 '-AGCAACCGACGTCACTCC-3' 1.4/1.7 
(Exon 6 and 7 and SPPendR (reverse) 5'-TTCTCCCACCTCGCTACAAT3' kb 
intron 6 and part 
3'UTR)  
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The PCR mix and reaction conditions are the same as described in section 5.3.2.2. 
40 .tl PCR reaction mixes were made for each primer pair. The purified BAC clone 
DNA was diluted to an optimised concentration to ensure a sufficient concentration 
of PCR product. The total product from each region of the gene was run through a 
100 ml 1 % MP agarose gel in lx EB buffer alongside a 1 kb plus DNA ladder 
(Invitrogen Life Technologies) (Figure 5-9). It was then possible to estimate the size 
of the entire gene and promoter region to be around 10 kb. 
Table 5-2 shows the approximate size of each region of the gene amplified. It was 
noticed that region 5 in the Large White copy of the gene was around 300 bp larger 
than the Meishan copy. Investigation of the published sequence across exons 6 and 7 
and intron 6 (GenBank accession number AJ23 7667) and the cDNA sequence 
(GenBank accession number X16575) showed that the region amplified by the 
primers SPPE6F and SPPendR would be expected to be around 1.7 kb. 
The published sequence AJ237667 is from a Landrace breed of pig and Knoll et al. 
(1999) describe how there is variation between individuals for the presence or 
absence of a block of 305 bp in intron 6, consisting of a 291 bp SINE (PRE-1) 
sequence and a 14 bp flanking sequence. I concluded that the Meishan copy of the 
gene probably did not contain the SINE repeat element and the Large White copy 
did. The sequencing results confirmed this hypothesis. 
Finally, the PCR products for the five regions of the gene from both BAC clones 
were purified using QlAquick® Gel Extraction Kit (Qiagen). The PCR and gel 
purification was repeated to give enough purified DNA to sequence all five regions 
of the gene for both breed origins. The purified DNA from all the PCR reactions 
across each region was combined and the concentration of DNA determined using 
High DNA MassTM ladder (Invitrogen Life Technologies) (Figure 5-10). By 
combining products from different PCR reactions, it reduced the possibility of errors 
being introduced, where non-complementary bases may have been incorporated into 
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Figure 5-9 PCR products from five regions of Large White and Meishan 
copies of SPP1 
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Figure 5-10 Concentration of DNA for sequencing determined using High 
DNA Mass ladder. 
am 
For sequencing 20 ngj.tF' per kb of DNA is ideally required, however more than 1 pi 
of DNA can be used in the sequencing reaction mix. It can be seen from Figure 5-10 
that regions 1, 3 and 4 from BAC clone 44c21 were more dilute than 20 ngjtl per 
kb, therefore a greater volume of DNA was used than for the other regions of the 
gene in the sequencing reaction. 
5.3.4. Primer design and sequencing of the gene 
Sequencing of the gene was initially carried out using ABI 373 DNA sequencer. The 
first sets of sequences were produced from the primers used to amplify the five 
regions of the gene from the genomic DNA of the Large White and Meishan breeds 
(se Table 5-2). The sequences produced were then used to design further primers in 
a technique known as primer walking. Both forward and reverse primers were 
designed to ensure that the entire gene was sequenced for each breed with at least a 
two-fold coverage on each strand. In this way, one could be certain that any 
difference identified between the sequences of the two breeds were not just as a 
result of a region of poor sequence quality. 
A draft sequence of around 7 kb of the gene was produced. However the sequences 
produced by the ABI 373 DNA sequencer (PE Biosystems) was not of a high enough 
quality; the maximum length of quality sequence obtained per read was only around 
400 bp and a lot of manual editing of the sequence data was required. Therefore all 
the primers designed and the DNA from the five regions of the gene from both 
breeds was sent to the DNA Sequencing Facility at the University of Cambridge 
where an ABI 377 DNA sequencer (Applied Biosystems, Warrington, UK) was used, 
producing quality reads of 600-700 bp. Figure 5-11 shows a comparison between the 
same region of sequence from the ABI 373 DNA sequencer (top sequence) and from 
the ABI 377 DNA sequencer (bottom sequence). It can clearly be seen that the lower 
sequence is of a much higher quality and more accurate. 
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Figure 5-11 A comparison between the same region of sequence from the 
ABI 373 DNA sequencer (top sequence) and from the 377 sequencer 
(bottom sequence). 
The quality sequence obtained was then used to design primers to complete the entire 
sequence of the gene. Some regions for example the microsatellite repeat 5' of exon 
I and the SINE repeat element proved difficult to sequence and additional primers 
were required to be designed around these regions. A total of 54 primers were 
designed in order to produce a satisfactory quality of sequence over the whole gene 
('10kb). The primer sequences are shown in Table 5-3. Figure 5-12 summarises the 
structure of the SPPJ gene and the location of all 54 primers. 
5.3.5. Sequence assembly and SNP identification 
All the sequence reads from the Large White and Meishan copies of the gene were 
prepared using Pregap4 and then independently assembled using Gap4 within the 
Staden Package. A single contig was produced from each breed. The two complete 
sequences were then aligned and the differences between them identified (see 
Appendix II). Table 5-4 summarises the size of each region of the gene and the 
number and type of putative variants found within them. 
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Table 5-3 Summary of 54 primers used to sequence SPPJ gene and promoter region (F = forward and R = reverse primer). 
Primer name Primer sequence (5'- 3') Primer name Primer sequence (5'- 3') 
SPPaF GAATFCACTCGTC1TFCC1TFGA SPPI3aR GGGGCTCCTGGAATTAAAAG 
SPPaR2 GACCGAGCCATCAAACAACT SPPI3gF CACAGAGGCCCGATATGAAG 
ProF AACCATAGTGAATCCTGCGG SPPI3bR CAAGTGAGAGTCAGTGGCAGA 
SPPaR CACACA1TrTAATAATTCGGATGG SPPI3eF TGTGGCTGAATGTCTCCTGA 
SPPbF CGTGAGTCTFACAGTGGAGGTG SPPI3hF TGGCCTCATCTGAGAGGAAT 
ProR GCTCTGAGCCCA1TFGAAAC SPPE417 GC1TFCCAACAAATACACAGATG 
SPPcF TAGCCTGGGAACTTCCATGT SPPE4R CTGTGGCGCTAGOAAAGTCT 
SPPbR CCTFGTTCATGGAGGT1T7G SPPE5F GAGGAAACGGACGACTTCAA 
SPPdF2 CATCACCTCCAAACCATTCA SPPI5cR TAACGTAAT1TFGCCGGAGT 
SPPcR TCACGTFCAAATCCACGTFC SPPI5bR TFCCTGGAGGCAAAATCTFGT 
SPPdF TGGCAGAACTCTFTGTGTGCC SPPI5aF CGGAGTGCArFGTCCTGACTG 
SPPdR TGGGTCCCCTAAAAAAGCGGG SPPI5aR TCTFCCTTFCGTGTGAGAATC1T 
SPPE1F GATGTCTGGTGCAGCCTTFA SPPE5R GTCAGCGTGATCAGCTFCCT 
SPPE1R TCCCCGTGAAATGAAACAGT SPPE6F AGCAACCGACGTCACTCC 
SPPI 1 aR TGTCATGTGGGTArrTTGGTG SPPE6R ATACATGAGCCTGCCGArFC 
SPPI 1 bR GGTGCTACTI'AAGTGAAATGAAGC SPPE6Fc AAGTFCCGCAGATCCGAAG 
SPPIIaF TGGAAAATAGAGGTGCCCTAA SPPI6aF CACATGGCTTrGCCA1TFAC 
SPPE2F TGTGGTGGCTFGAAAAGATG SPPI6bF ATCACGAGGCAGTL'lTFCCA 
SPPE2R TGTACTCACTGGAAGG3CAGA SPPI6aR GCGGGTCTCGTCTG1TFTAC 
SPPI2aF CAGAATTCCCCCAAATAAATGA SPPSINEFb CTACACCAGAGCCACAGCAA 
SPPE3F AACAGACTAATFCTGGCAGCTC SPPI6bR GCmCTAACTVrCAGGCCAGT 
SPPE3R TCCGAGCTGCCAGAATTAGT SPPE7F CATCCCTGGCTGTrCA1TFA 
SPPI3aF TCCAGTAGCACGAAATTCCA SPPE7R GGCTGACTCGTCTCCTGACT 
SPPI3bF AAAAAGGAAGTCTATTrATGCTG1TF SPPE7R2 TCCGTCTCCTCACTTFCCAC 
SPPI3cF TCCAAACTGAGTfAAGAGCACAA SPPendF CAAGCTGGTCCCAGACTCTAA 
SPPI3fF GGAACACTGG1TACCTATGAGTGA SPPendR2 TGATCTCAGAAGACGCACTCTC 
SPPI3dF AAAGAAAAGAAAGAGGGAACTTG SPPendR TFCTCCCACCTCGCTACAAT 
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23 24 25 26 27/ L 3233 35 / #1'4'2 1445 4 
2 4 	6 	8 1012 	141516 19 	22 2931 	343637 38 40 	43 	47 48 50/153 54 
1 SPPaF 13 SPPE1F 25 SPPI3cF 38 SPPI5aR 50/5 1 SPPE7R & R2 
2 SPPaR2 14 SPPE1R 26 SPPI3fF 39 SPPI5aF 52 SPPendF 
3 ProF 15 SPPI1aR 27/28 SPPI3dF+gF 40 SPPE5R 53 SPPendR2 
4 SPPaR 16 SPPI1bR 29 SPPI3aR 41 SPPE6F 54 SPPendR 
5 SPPbF 17 SPPI1aF 30 SPPI3hF 42 SPPE6Fc 
6 ProR 18 SPPE2F 31 SPPI3bR 43 SPPE6R KEY 
7 SPPcF 19 SPPE2R 32 SPPI3eF 44 SPPI6bF 1c1 Sine element (343bp) not present in MS 
8 SPPbR 20 SPPI2aF 33 SPPE4F 45 SPPI6aF ATG 	Start translation 	1-7 	Exons 
9 SPPdF2 21 SPPE3F 34 SPPE4R 46 SPPSINEFb TGA 	Stop translation 1-VI 	Introns 
10 SPPcR 22 SPPE3R 35 SPPE5F 47 SPPI6aR 
* Microsatellite repeat (interferes with 
11 SPPdF 23 SPPI3aF 36 SPPI5cR 48 SPPI6bR suencing) 
12 SPPdR 24 SPPI3bF 37 SPPI5bR 49 SPPE7F I 	Start transcription+1 End transcription 
Figure 5-12 Structure of SPPI gene and location of primers used for sequencing. The five regions of PCR products are also shown. 
Table 5-4 Number and types of putative sequence variants within each 
region of the porcine SPPI gene (information obtained from figure in 
appendix II). 
Region Size Number of SNPS Indels Repeats Total 
Transition Transversion (bp) 
(C-T) (C-A, C-G, T-A)  
5' exon 1 2649 3 7 0 1 (microsatellite) 11 
Exoni 84 0 0 0 0 0 
Introni 1149 0 3 1 0 4 
Exon2 66 0 0 0 0 0 
Intron2 113 0 0 0 0 0 
Exon3 38 0 0 0 0 0 
Intron3 2752 13 21 5 0 39 
Exon4 80 0 0 0 0 0 
Intron4 291 1 3 1 0 5 
Exon5 41 0 0 0 0 0 
Intron5 1075 6 14 2 0 22 
Exon 6 308 0 5 (2 at one site) 0 0 5 
Intron6 1015 3 2 1 1(S1NE) 7 
Exon7 386 2 0 0 0 2 
3'UTR 57 1 1 0 0 2 
TOTAL 10104 29 56 1 	10 12 197 
5.3.6. Sequence translation and identification of amino acid 
variants 
The nucleotide sequence from the coding regions of both copies of the gene were 
translated to amino acid sequence using the translation program within GCG 
(Womble, 2000). The predicted open reading frame encoded a total of 303 amino 
acids, in agreement with previously published data (GenBank accession number 
X16575 and Swissprot accession number P14287 (Wrana et al., 1989)). The 
sequences were then aligned (Figure 5-13). Three differences were observed in the 
predicted amino acid sequences of the proteins encoded by the Large White and 
Meishan forms of the gene. Two of these differences are encoded by SNPs in exon 
6. The first is a change at residue 110 from an alanine to a threonine; the region on 
the nucleotide sequence is at position 8449 to 8451 (appendix II). The second is a 
change at residue 159 from a valine to an alanine and the nucleotide position is at 
8596 to 8598 (appendix II). The third change is encoded by a SNP in exon 7 
(position 9919 to 9921 (appendix II)), where a proline is present at residue 262 in the 
Large White sequence and a serine in the Meishan sequence. 
IM 
EXON 2 	 EXON 3 	 EXON 4 	 EXON 5 
	
* 120 	 * 40 	 * 	60 	 * 
LW 	: MRIAVIAFCLWGFASALVKQTNSGSSEEK LSNKYTDAVATLLKPDPSQKQTFLAP NTISSEETDDFK 	70 
MS : MRIAVIAFCLWGFASALFJVKQTNSGSSEEK LSNKYTDAVATLLKPDPSQKQTFLAP NTISSEETDDFK 70 
EXON6 
80 	 * 	100 	 * 	120 	 * 	140 
LW 	Q TLPSKSNESPEQTDDVDDDDDEDHVDSRDTDSEEADH DDADRSDESHHSDESDELVTDFPTDTPATD : 140 
MS : Q TLPSKSNESPEQTDDVDDDDDEDHVDSRDTDSEEADH DDADRSDESHHSDESDELVTDFPTDTPATD 140 
EXON 7 
* 	160 	 * 	180 	 * 	200 	 * 
LW 	VTPAVPTGDPNDGRGDSV YGLRSXSKKFRRSEA QLDATEEDLTSHVESEETDGTPKAILVAQRLHVAS : 210 
MS VTPAVPTGDPNDGRGDSV YGLRSKSKKFRRSEA QLDATEEDLTSHVESEETDGTPKAILVAQRLHVAS 210 
220 	 * 	240 	1 * 	260 	 * 	280 
LW 	DLDSQEKDSQETSQPDDRSVETRSQEQSKEYTIKTY]JGSNEHSNVIESQEN KVSQEFHSHEDKLVPDSK : 280 
MS DLDSQEKDSQETSQPDDRSVETRSQEQSKEYTIKTYDGSNEHSNVIESQEN KVSQEFHSHEDKLVPDSK 280 
* 	300 
LW 	SEEDKHLKLRVSHELESASSEIN : 303 
MS SEEDKHLKLRVSHELESASSEIN : 303 
Figure 5-13 Alignment of the predicted amino acid sequence of Meishan (MS) and Large White (LW) SPP1. Putative sequence 
variants are highlighted. 	The relationship of the encoded protein sequence to the exons in the gene is shown. 
5.3.7. Alignment of nucleotide and published porcine sequences 
5.3.7.1. Identification of promoter regulatory regions 
The nucleotide sequences for both the Large White and Meishan copies of the gene 
were aligned with the published porcine sequence of the promoter region of SPPJ 
(GenBank accession number M84121) (see Figure 5-14). Zhang et al. (1992a) 
characterised this promoter region by constructing chimeric chioramphenicol 
acetyltransferase (CAT) constructs containing different regions of the 5' end of the 
gene, including around 3 kb upstream of exon 1, intron 1 and exons 1 and 2. CAT is 
a bacterial reporter gene and was contained within an SV40 basic vector lacking any 
promoters or enhancers. The different regions of the gene were then investigated for 
their promoter activity. In addition consensus sequences for regulatory motifs were 
identified using the program DNA Inspector lie. The consensus sequences and the 
regions of promoter activity identified are marked on Figure 5-14. 
No sequence variants between the Large White and Meishan sequences were 
observed within these putative regulatory sequences. The region around the 
microsatellite repeat (highlighted in green), that was shown to possess strong 
promoter activity, also contained no sequence variants except for the microsatellite 
repeat itself. Zhang et al. (1992a) suggest that there are two promoter regions, the 
traditional region 5' of the transcription start site in exon 1 and also a possible 
alternative site in intron 1 and that it is possible that alternative promoters may be 
used in different tissues resulting in transcripts of varying length. Indeed Saavedra et 
al. (1995) describe that there are two transcripts found in mice, one that contains the 
untranslated exon 1 and the other starts from the 3' •end of intron 1, therefore 
indicating a splice site within intron 1. Zhang et al. (1992a) suggest that that the 3' 
half of intron 1 from base number +690 on Figure 5-14 contains the most significant 
promoter activity. There is one SNP and one base insertion difference between the 
two breeds in this 3' region of intron 1; however the overall level of variation in 
intron I is lower than the other introns in the gene, indicating conservation of this 
region between the two breeds. A BLAST search of the published pig promoter 
IM 
region against the human promoter region (GenBank accession number S7841 0) also 
showed large regions of high sequence identity. 
Of the twenty positions where sequence variants were observed between the three 
sequences (Large White, Meishan and M84121), the published sequence is identical 
to the Large White sequence at thirteen positions and to the Meishan at only one 
position. The published sequence differs from both the Large White and Meishan at 
six positions (highlighted in blue on Figure 5-14). Therefore although the breed 
origin of the published sequence is not stated, it is most likely to be a Western 
commercial breed such as the Landrace or Large White. As these variants may be a 
result of sequence errors they would need to be confirmed from analysis of genomic 
DNA from several animals of different breeds. These putative sequence variants 
may indeed represent useful polymorphisms within higher performing Western 
breeds. 
5.3.7.2. Confirmation of SINE repeat element 
The nucleotide sequences from each breed origin were aligned with the published 
porcine sequence of the 3' end of SPPJ (GenBank accession number AJ237667) (see 
Figure 5-15). As mentioned in section 5.3.3, Knoll et al. (1999) identified variation 
in the presence of a SINE (PRE-1) sequence within intron 6. It can be clearly seen 
from the alignment in Figure 5-15 that this SINE element was present in the 
sequence from the Large White breed, but absent from the Meishan breed sequence. 
The number of base T repeats in the Large White sequence is longer than the 
published sequence; this may be as a result of sequencing problems. The polymerase 
enzyme often has difficulty reading past such sequences and shows slippage on the 
repeats, which tends to introduce extra stutter bases. 
The length of the Large White SINE is 330 bp compared to the published 291 bp 
sequence and also has the two 14 bp target DNA sequences flanking it (highlighted 
in pink on Figure 5-15). The published sequence is from a Landrace breed, which is 
a similar breed to the Large White, and there is in fact only one base throughout the 
1295 bp sequence, which appears to be different between these breeds. 
* 	-2630 	 * 	-2610 	 * 	-2590 	 * 	-2570 	 * 	-2550 
LW 	: GAATTCACTCGTCTTTCCTTTGAGGGAGACCAGCTCTTGAGCGAGTGTGGGAAGCGGGGAAGGAGCCCATCACGTCCACCTGCGGTTGCTAAAGACAACA 100 
MS : ----------GTCTTTCCTTTGAGGGAGACCAGCTCTTGAGCGAGTGTGGGAAGCGGGGAAGGAGCCCATCACGTCCACCTGCGGTTGCTAAAGACAPCA 90 
M84121 GAATTCACTCGTCTTTCCTTTGAGGGAGACCAGCTCTTGAGCGAGTGTGGGAAGCGGGGAAGGAGCCCATCACGTCCACCTGCGGTTGCTAAAGACAACA: 100 
gaatt cact cGTCTTTCCTTTGAGGGAGACCAGCTCTTGAGCGAGTGTGGGAAGCGGGGAAGGAGCCCATCACGTCCACCTGCGGTTGCTAAAGACAACA 
* 	-2530 	 * 	-2510 	 * 	-2490 	 * 	-2470 	 * 	-2450 
LW GAGCAGAAAAGAACGCTCTGCTTCTCTTGGCCTCCGTGTTCCCTGTTAATGTGTAGCGCGTCGTTGTTGGGAAATAGTTCCTCACCTGACTTTCCAAGAA: 200 
MS :GAGCAGAAAAGAACGCTCTGCTTCTCTTGGCCTCCGTGTTCCCTGTTAATGTGTAGCGCGTCGTTGTTGGGAAATAGTTCCTCACCTGACTTTCCAAGAA: 190 
M84121 GAGCAGAAAAGAACGCTCTGCTTCTCTTGGCCTCCGTGTTCCCTGTTAATGTGTAGCGCGTCGTTGTTGGGAAATAGTTCCTCACCTGACTTTCCAAGAA: 200 
GAGCAGAAAAGAACGCTCTGCTTCTCTTGGCCTCCGTGTTCCCTGTTAATGTGTAGCGCGTCGTTGTTGGGAAATAGTTCCTCACCTGACTTTCCAAGAA 
* 	-2430 	 * 	-2410 	 * 	-2390 	 * 	-2370 	 * 	-2350 
LW : ATGGAGGGCCTCACAGTTGTTTGATGGCTCGGTCATTAAPLTGCATGATCGTTCCGTCCTGCCGGAGTCACTGACGGAACCAGACC GGTCTCAGGTCCT : 300 
MS : ATGGAGGGCCTCACAGTTGTTTGATGGCTCGGTCATTAAATGCATGATCGTTCCGTCCTGCCGGAGTCACTGACGGAACCAGACCG GGTCTCAGGTCCT : 290 
M84121 : ATGGAGGGCCTCACAGTTGTTTGATGGCTCGGTCATTAAATGCATGATCGTTCCGTCCTGCCGGAGTCACTGACGGA1CCAGACC GGTCTCAGGTCCT : 300 
ATGGAGGGCCTCACAGTTGTTTGATGGCTCGGTCATTAAATGCATGATCGTTCCGTCCTGCCGGAGTCACTGACGGAACCAGACC GGTCTCAGGTCCT 
* 	-2330 	 * 	-2310 	* 	-12290 	 * 	-2270 	 * 	-2250 
LW TCTCcGATGCTGCcATCGTGTGGCACCTCGGAGCCATGACCGGAAGAGCCCTA1rsGGTCATATGGTTCCGCAGGGTGGCTGGACTCCAGCAGAATC : 400 
MS :TCTCCGAAATGCTGCCATCGTGTGGCATCTCGGAGCCATGACCGGAAGAGCCCTATGGGTCATATGGTTCAGCGCAGGGTGGCTGGGCTCCAGCAGAATC : 390 
M84121 : TCTCCGAATGCTGCcATCGTGTGGCACCTCGGAGCCATGACCGGAAGAGCCCTAGGGTCATATGGTTO?GCGCAGGGTGGCTGGACTCCAGCAGAATC : 400 
TCTCCGAPTGCTGCcATCGTGTGGCAcCTCGGAGCCATGACCGGAGAGCCCTkIjGGGTCATATGGTTcjGCGcAGGGTGGCTGGaCTCCAGCAGAATC 
Vitamin D 	(Calcitrol) 	response element 
* 	-2230 	* 	-2210 	 * 	-2190 * 	-2170 	 * 	-2150 
LW :TATTCCTATAACTGTCTACGTTCATATTAGACCATTCCCGTGGGCACAGAGTAAACCATAGTGAATCCTGCGGAAATCTTGGCTGTTTTTAGAATTTGTG 500 
MS : TATTCCTATAACTGTCTACGTTCATATTAGACCATTCCCGTGGGCACAGAGTAAACCATAGTGAATCCTGCGGAPLTCTTGGCTGTTTTTAGAATTTGTG : 490 
M84121 TATTCCTATAACTGTCTACGTTCATATTAGACCATTCCCGTGGGCACAGAGTAAACCATAGTGAATCCTGCGGAAATCTTGGCTGTTTTTAGAATTTGTG: 500 
TATTCCTATAACTGTCTACGTTCATATTAGACCATTCCCGTGGGCACAGAGTAAACCATAGTGAATCCTGCGGPAATCTTGGCTGTTTTTAGAATTTGTG 
* 	-2130 	 * 	-21110 	I 	* 	-2090 	 * 	-2070 	 * 	-2050 
LW AACTTCCCTCCACGACACTGACAATATGACAAACTTAACTGAGTAATGTGTTTAAAGGGAAAAAACAGTTTTTAAGAGCAGAAATGAGAAATCTGGTTTT : 600 
MS : : 590 
M84121 :AACTTCCCTCCACGACACTGACAATATGACAAACTTAAGTGAGTAATGTGTTTAAAGGGAAAAAACAGTTTTTAAGAGCAGAAATGAGAAATCTGGTTTT : 600 
AACTTCCCTCCACGACACTGACAATATGACAAACTTAACTGAGTAATGTGTTTAAAGGGAAAAAACAGTTTTTAAGAGCAGAAATGAGAAATCTGGTTTT 
APi site 
* 	-2030 	 * 	-2010 	 * 	-1990 	 * 	-1970 	 * 	-1950 
LW GCAACCTGATAACCTGTGTACTTTATATTTTATAGAGACAGCTGCCATCCGA)TTATTAATGTGTGCTTAGCACTCACAAAGCAACAATATCAATTCA 700 
MS GCAACCTGATAACCTGTGTACTTTATATTTTATAGAGACAGCTGCCATCCGAPTTATTATGTGTGCTTAGCACTCACWGCAACAATATCAATTCA 690 
M84121 GCAACCTGATAACCTGTGTACTTTATATTTTATAGAGACAGCTGCCATCCGAATTATTAAAATGTGTGCTTAGCACTCACAAAGCAACAATATCAATTCA: 700 
GCAACCTGATAACCTGTGTACTTTATATTTTATAGAGACAGCTGCCATCCGAATTATTAAAATGTGTGCTTAGCACTCACAAAGCAACAATATCAATTCA 
* 	- 	930 	 * 	-1910 	 * 	-1690 	 * 	-1870 	* 	-1850 
LW 	: TTTGAAATGCATCCAATTTGAAAGTGACATTTCCACCCAACAAATCTATGGATTAATTATACTAGCACTGCAAAAAAATTGCTTAACCTGTATTTATGTT : 800 
MS : TTTGAAATGCATCCAATTTGAAAGTGACATTTCCACCCAACAAATCTATGGATTAATTATACTAGCACTGCAAAAAAATTGCTTAACCTGTATTTATGTT : 790 
M84121 	TTTGAAATGCATCCAATTTGAAAGTGACATTTCCACCCAACAAATCTATGGATTAATTATACTAGCACTGCAAAAAAATTGCTTAACCTGTATTTATGTT : 800 
TTTGAAATGCA CAA TGAAAGTGACATTTCCACCCAACJAATCTATGGATTAATTATACTAGCACTGCAAAAAAATTGCTTAACCTGTATTTATGTT 
CAAT box 
* 	-1830 	 * 	-1810 	 * 	-1790 	 * 	-1770 	 * -1750 
LW 	: AAAATGAATATTTGGTAAATAGGAACTGACTCCTTAGGACTAATAATAAATAGGACCATTTATCTTCAGTCTCATCTTACACGTGAGTCTTACP,GTGGAG : 900 
MS : AAAATGAATATTTGGTAAATAGGAACTGACTCCTTAGGACTAATAATAAATAGGACCATTTATCTTCAGTCTCATCTTACACGTGAGTCTTACP.GTGGAG : 890 
M84121 : AAAATGAATATTTGGTAAATAGGAACTGACTCCTTAGGACTAATAATAAATAGGACCATTTATCTTCAGTCTCATCTTACACGTGAGTCTTACP.GTGGAG 900 
APATGAATATTTGGTAATAGGACTGACTCCTTAGGACTAATAATWTAGGACCATTTATCTTCAGTCTCATCTTACACGTGAGTCTTAC GTGGAG 
Type II collagen silencer 
* 	-1730 	 * 	-1710 	 * 	-1690 	 * 	-1670 	 * 	-1650 
LW 	4TGTGAGATAATGACTACTGCAAGCTCCTTTCACAACTGAGAAAGGGAGATGAk GGGTAAGTACGTCAACAATATTAPATGTTTCAAPTGGGCTC : 1000 
MS CTGTGAGATAAATGACTACTGCAAGCTCCTTTCACAACTGAGAAAGGGAGATGAA GGGTAAGTAACGTCAAACAATATTAAATGTTTCAAATGGGCTC : 990 
M84121 TGTGAGATAAATGACTACTGCAAGCTCCTTTCACAACTGAGAAGGGAGATGAA GGGTAAGTAPLCGTCAPACAATATTAAATGTTTCAAATGGGCTC : 1000 
JTGTGAGATAAATGACTACTGCAAGCTCCTTTCACAACTGAGAAAGGGAGATGAAG GGGTAAGTAACGTCAAPCAATATTAPTGTTTCAAATGGGCTC 
* 	-1630 * -1610 	 * 	-1590 	 * 	-1570 	 * 	-1550 
LW 	: AGAGCTCTACTACCCTGAACTTTGTTCCAATATTCAACTTTCATCTCCAGTTTTCTTTCAAACACTTTTTCAATACCCAGTAAAGTTTTTTAATATAAAA 1100 
MS : AGAGCTCTACTACCCTGAACTTTGTTCCAATATTCAACTTTCATCTCCAGTTTTCTTTCAAACACTTTTTCAATACCCAGTAAAGTTTTTTAATATAAAA : 1090 
M84121 	AGAGCTCTACTACCCTGAACTTTGTTCCAATATTCAACTTTCATCTCCAGTTTTCTTTCAAACACTTTTTCAATACCCAGTAAAGTTTTTTAATATAAAA : 1100 
AGAGCTCTACTACCCTGAACTTTGT CAA TTCAPCTTTCATCTCCAGTTTTCTTTCAAACACTTTTTCAATACCCAGTAAAGTTTTTTAATATAAAA 
CAAT box 
* 	-1530 	 * 	-1510 	* 	-1490 	 * 	-1470 	 * 	-1450 
LW 	: TTTTATATTTAATTTTCATTTAAGTAACCAACTTTATATATCCTGGGAAAAAACACTAGAAAAAGACAGTTCAGAAACCTAATCCATTCCCGCAGATGTG : 1200 
MS :TTTTATATTTAATTTTCATTTAAGTAACCAACTTTATATATCCTGGGAAAAAACACTAGAAAAAGACAGTTCAGAAACCTAATCCATTCCCGCAGATGTG: 1190 
M84121 :TTTTATATTTAATTTTCATTTAAGTAACCAACTTTATATATCCTGGGAAAAAACACTAGAAAAAGACAGTTCAGAAACCTAATCCATTCCCGCAGATGTG: 1200 
TTTTATATTTAATTTTCATTTAAGTAACCAACTTTATATATCCTGGGAPAPAACACTAGAAPAPLGACAGTT CAGAAACCTAATCCATTCCCGCAGATGTG 
I I 	* -1430 	 * 	-1410 	 * 	-1390 	 * 	-1370 	 * 	-1350 
LW 	:TGCCAATTAGCCTGTTGATGTGCACAGTTTAAAAACGCTACATCTGGAGTTCCCATTTGTGGCTCAGCGATAATGCATCTGACTACTATCCATGAGGACA 1300 
MS TCCCAATTAGCCTGTTGATGTGCACAGTTTAAAAATGCTACATCTGGAGTTCCCATTTGTGGCTCAGCGATAATGCATCTGACTACTATCCATGAGGACA : 1290 
M84121 : T*CAA1TAGCCTGTTGATGTGCACAGTTTAAAPATGCTACATCTGGAGTTCCCATTTGTGGCTCAGCGATATGCATCTGACTACTATCCATGAGGACA : 1300 
TGCCAATTAGCCTGTTGATGTGCACAGTTTAAAAAtGCTACATCTGGAGTTCCCATTTGTGGCTCAGCGATAATGCATCTGACTACTATCCATGAGGACA  
CAAT box 
* 	-1330 	 * 	-1310 	 * 	-1290 	 * 	-127 * 	-1250 
LW 	CAGGTTCGATCTCTGGCCTCCATCAGTGGGTTAAGGATTCAGCATTGCTATGACCTATGGTGTAGTTCGCAGACATGGCTCCAATCTGGCGTGGCTGTGG : 1400 
MS CAGGTTCGATCTCTGGCCTCCATCAGTGGGTTAAGGATTCAGCATTGCTATGACCTGTGGTGTAGTTCGCAGACATGGCTCCAATCTGGCGTGGCTGTGG : 1390 
M84121 	CAGGTTCGATCTCTGGCCTCCATCAGTGGGTTAAGGATTCAGCATTGCTATGACCTATGGTGTAGTTCGCAGACATGGCTCCAATCTGGCGTGGCTGTGG 1400 
CAGGTTCGATCTCTGGCCTCCATCAGTGGGTTAAGGATTCAGCATTGCTATGACCTaTGGTGTAGTTCGCAGACATGGC CAA TGGCGTGGCTGTGG 
CAAT box 
* 	-1230 	* 	-1210 	* 	-1190 	* 	-1170 	* 	-1150 
LW 	: CTGTGGTGCAGGCCAGCAGGTGCAGCTCCGATTCAACCCCTAGCCTGGGACTTCCATGTGAGCATGTGCAGCCCTTAAAAAMAAACAACCAAPAAAC 	1500 
MS 
	
: CTGTGGTGCAGGCCAGCAGGTGCAGCTCCGATTCAGCCCCTAGCCTGGGAACTTCCATGTGAAACATGTGCAGCCCTTAAPAPAAAAACAACCAAAAAAC : 1490 
M84121 CTGTGGTGCAGGCCAGCAGGTGCAGCTCCGATTCAACCCCTAGCCTGGGAACTTCCATGTGAAGCATGTGCAGCCCTTAAAAAAAAAACAACCAAAAAAC: 1500 
CTGTGGTGCAGGCCAGCAGGTGCAGCTCCGATTCAaCCCCTAGCCTGGGAACTTCCATGTGAAgCATGTGCAGCCCTTAAAAAAAAAACAACCAAAAAAC 
* 	-1130 	* 	-1110 	* 	-1090 	* 	-1070 	* 	-1050 
LW 	:CTTACATCTGGTCGCATTTTAATAGCCTATTCCATTTAAAGATTCACAAATCATGACTACCTGTTCCTCCTAAAAATTTTAATAATAATTAACACATTAT: 1600 
MS :CTTACATCTGGTCGCATTTTAATAGCCTATTCCATTTAAAGATTCACAAATCATGACTACCTGTTCCTCCTAAAAATTTTAATAATAATTAACACATTAT: 1590 
M84121 CTTACATCTGGTCGCATTTTAATAGCCTATTCCATTTAAAGATTCACAAATCATGACTACCTGTTCCTCCTAAAAATTTTAATAATAATTAACACATTAT: 1600 
CTTACATCTGGTCGCATTTTAATAGCCTATTCCATTTALGATTCACAkATCATGACTACCTGTTCCTCCTAkTTTTAATAATAATTAPCACATTAT 
-1030 	* 	-1010 	* 	-990 	* 	970 	* 	-950 
LW 	:ACAGTTTAAAATATGCAAGGCATTTGCATATATGTGCCAAGTATCATTAGTTTTACACACACTAATTCACTTAAACCTCTCAAAACCTCCATGAACAAGG 	1700 
MS :ACAGTTTAAAATATGCAAGGCATTTGCATATATGTGCCAACTATCATTAGTTTTACACACACTAATTCACTTAAACCTCTCAAAACCTCCATGAACAAGG 1690 
M84121 :ACAGTTTAAAATATGCAAGGCATTTGCATATATGTGCCAAGTATCATTAGTTTTACACACACTAATTCACTTAAACCTCTCAAAACCTCCATGAACAAGG: 1700 
ACAGTTTAAAATATGCAAGGCATTTGCATATATGTGCCAAgTATCATTAGTTTTACACACACTAATTCACTTAAACCTCT CAAAACCT CCATGAACAAGG 
* 	-930 	* 	-910 	* 	-890 	* 	-870 	* 	-850 
LW 	TAATAGCATGCATATTTGACAGATGAAGAAACTGGTATAGAAAGGCTCAGTGATTTGCCCAAAGTTACAGGGCTAATTAGCAGCAGGATGGCAGGCAAAG: 1800 
MS TAATAGCATGCATATTTGACAGATGAAGAAACTGGTATAGAAAGGCTCAGTGATTTGCCCAAGGTTACAGGGCTAATTAGCAGCAGGATGGCAGGCAAAG 	1790 
M84121 :TAATAGCATGCATATTTGACAGATGAAGAAACTGGTATAGAAAGGCTCAGTGATTTGCCCAAAGTTACAGGGCTAATTAGCAGCAGGATGGCAGGCAAAG 1800 
TAATAGCATGCATATTTGACAGATGAPGAAACTGGTATAGAAAGGCTCAGTGATTTGCCCPAaGTTACAGGGCTAATTAGCAGcAGGATGGCAGGCWG 
t'J 	 * 	- 830 	* 	-810 	* 	-790 	* 	770 	* 	-750 
LW 	: CCGTCTTGTTTCTGAAGCATCACTTTCAAGCAGTAACCCTGCCCTCAGTCAGAAACTGCTTGACTTCTGCCACATTGAGAATAPTTACCATTCTTCT : 1900 
MS : CC GTCTTGTTTCTGAPGCATCACTTTCAAGCAGTAACCCTGCCCTCAGTCAGAAACTGCTTGACTTCTGCCACATTGAGAATAAATTACCATTCTTCT 	1890 
M84121 : CC GTCTTGTTTCTGAAGCATCACTTTCAAGCAGTAACCCTGCCCTCAGTCAGAAACTGCTTGACTTCTGCCACATTGAGAATAPATTACCATTCTTCT : 1900 
CC GTCTTGTTTCTGAAGCATCACTTTCAAGCAGTAACCCTGCCCTCAGTCAGAACTGCTTGACTTCTGCCACATTGAG?TAPATTACCATTCTTCT 
* 	-730 	* 	-710 	* I 	-6 SO 	* 	-670 	* 	-650 
LW 	: GTCTGACATAGCAATTATCAGATTCATCACCTCCAAACCATTCAAAAATCCP.TGTCCTqGAAAGGTCTCGGATTTACAATGGTAAATCCGATTTAATAGA : 2000 
MS : GTCTGACATAGCAATTATCAGATTCATCACCTCCAAACCATTCAAAAATCCP,TGTCCTqGAAAGGTCTCGGATTTACAATGGTAAATCCGATTTAATAAA : 1990 
M84121 : GTCTGACATAGCAATTATCAGATTCATCACCTCCAAACCATTCAAAAATCCPTGTCCTIGAAAGGTCTCGGATTTACAATGGTAAATCCGATTTAATAGA : 2000 
GTCTGACATAGCAATTATCAGATTCA 	CCATTCAAAAATCC1TGTCCT GAAAGGTCTCGGATTTACAATGGTAATCCGATTTAATAgA 
Type II collagen silencer 	Glucocorticoid (progesterone) response element 
* 	-630 	* 	-610 * 	-590 	* 	-570 	* 	-550 
LW 	CATGAACGTGGATTTGAACGTGP.CCAAIGCCACTTGTCTAAATGACAAGCTGCTGCACATTTGGAATCACAAAACAGAGCTTTAGTCGAAATGGAGAGAA 	2100 
MS CATGAACGTGGATTTGAACGTG CCAA GCCACTTGTCTAAATGACAAGCTGCTGCACATTTGGAATCACAAAkCAGAGCTTTAGTCGAAATGGAGAGAA : 2090 
M84121 : CATGAACGTGGATTTGAACGTG CCAA GCCACTTGTCTAAATGACAAGCTGCTGCACATTTGGAATCACAAACAGAGCTTTAGTCG?AATGGAGAGAA 	2100 
CATGAACGTGGATTTGAACGTG CCAA GCCACTTGTCTAAATGACAAGCT GCTGCACATTTGGAATCACAACAGAGCTTTAGTCGAATGGAGAGAA 
CAAT box 
LW 	: -----T 
MS TGTGTT TAAC C. 
M84121 	: ----- TqTAACCIAC 
CAAT box 
* 
LW : CGGATGTCTGGTGC 
MS CGGATGTCTGGTGC 
M84121 : CGGATGTCTGGTGC 
CGGATGTCTGGTGC 
* 	-530 	* 	-510 	* 	-490 	* 	-470 	
* 	-450 
LW 	GCTGGCAGAPCTCTTTGTGTGCCT GAACATATAGCCTTGTCGCCAGATAAGTACACTGTAGGCWCTTGGTT GCATATATTACCTTAPTCTGTT 
MS : GCTGGCAGAACTCTTTGTGTGCCTGAACAATATAGCCTTGTCGCCAGAAATAAGTACAACTGTAAGGCAAACTTGGTTG CATATATTACCTTAATCTGTT 
 
M84121 : GCTGGCAGAACTCTTTGTGTGCCTGAACAATATAGCCTTGTCGCCAGAAATAAGTACAACTGTAAGGCAAACTTGGTTG CATATATTACCTTAATCTGTT 
 
GCTGGCAGAACTCTTTGTGTGCCTGAACAATATAGCCTTGTCGCCAGAAATAAGTACAACTGTAAGGCAAACTTGGTTGCAT ATATTACCTTAATCTGTT  
* 	-430 	* 	-410 	* 	-390 	* 	
- 1 70 	* 	-350 
LW 	: ATTTCAACCAAAAGAAACAAAAATCCATCCTATTTAATTCTATTTAGGACTGATTTCTGTAATATTTTTTCTTCTAA
ITCAGACTTAATATAGTCTTTGT  
MS : ATTTCAACCAAAAGAAACAAAAATCCATCCTATTTAATTCTATTTAGGACTGATTTCTGTAATATTTTTTCTTCTA AqTCAGAC.CTAATATAGTCTTTGT 
M84121 : ATTTCAACCAAAAGAAACAPAATCCATCCTATTTAATTCTATTTAGGACTGATTTCTGTTATTTTTTCTTCT TCAGA TTAATATAGTCTTTGT 
ATTTCAPCCAAPAGACAAAAATCCATCCTATTTAATTCTATTTAGGACTGATTTCTGTTATTTTTTCTTCT TCAGA tTAPTATAGTCTTTGT 
cAMP response 




MS : AAGAACTAGTCATTTCTCTCCCCGCCCCCCGCTTTTTTAGGGGACCCAGAGATGCCCTTCCAGGATGCTGAGACCCAAT CCTATTCACGAAAAAGCTAGT 
M84121 : AAGAACTAGTCATTTCTCTCCCCGCCCCCCGCTTTTTTAGGGGACCCAGAGATGCCCTTCCAGGATGCTGAGACCCAA TCCTATTCACGAAAAAGCTAGT  
AAGAACTAGTCATTTCTCT1CCCCGCCCCCCGdITTTTTAGGGGACCCAGAGATGCCCTTCCAGGATGCTGAGA 	CTATTCACGAAAAAGCTAGT 
GC box, Egr-1 site 	 CAAT box 
* 	-230 	* 	-210 	* 	-190 	* 	-170 	
* 	-150 
LW 	TAATGACA TGTACATAAGTAATGTTTTAACTGCAGAGGGCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT_______________ 
MS : TAATGACA TGTACATAGTAATGTTTTAACTGCAGAGGGCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 
M84121 : TAATGACA TGTACATAAGTAATGTTTTAACTGCAGAGGGCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT _____________________________ 
TAATGACA 
OCT-i site  
I * I 	-130 	I 	* 	I 	-110 	 * 	-90 	 1* 	-70 	* 	-50 
GAPGT*GGGAGCAAGTGGGTTGGGCAGTGGCACAAACCTCTGACAC4TCTC1CCGCC1CCTGTGT TGGTGG 
GAAGTTGGGAGCAAGTGGGTTGGGCAGTGGCACAAACCTC?ITGACACTCTCIICCGCCc1CCTGTGTTGGTGG 
GAAGTdrGGGAGC?GTGGGTTGGGCAGTGGCACAAACCTC4TGACAC$TCTC'11CCGCC ctCCTGTGTTGGTGG  
GGGAAGTdGGGAGCAAGTGGGTTGGGCAGTGGCACACCTCTGACACTCTCI1CCGCCCCCTGTGTTGGTGG 
E4TF1 site 	 - 	 APi site 	GC box 
* 	-10 	0 10 	* 	30 	* 	50 
TTCAGGGGAGGTCCAGGCTGTCAGCAGCGAGCGGAGGCCAGAGGGCAGCACTGACAGCCGCATCAGCATTGCTCCC : 2680 
TTCAGGGGAGGTCCAGGCTGTCAGCAGCGAGCGGAGGCCAGAGGGCAGCACTGACAGCCGCATCAGCATTGCTCCC : 2690 
TTCAGGGGAGGTCCAGGCTGTCAGCAGCGAGCGGAGGCCAGAGGGCAGCACTGAGCCGCATCAGCATTGCTCCC : 2666 
TT CAGGGGAGGTCCAGGCTGTCAGCAGCGAGCGGAGGCCAGAGGGCAGCACTGACACTCAGCATTGCTCCC 
TATA box 




MS : GGGACTGGACTCTTCGCGGGGCTGCAGACCAAGGTAAGCCTACAGCCCGCTGATGGTTGCTGTCGTAGGGAGGCACTGTTTCATTTCACGGGGGGTCA 
: 2790 

















* 	170 	 * 	190 	 * 	210 	 * 	230 	 * 	250 
LW 	AGTTGTCAGGAGAAGGGTTTAACCGCAAACGCTGGTAATCAGACTTAAAAqTGTTCIAAGAGTCTTTCCAACAAGCATGTCAGATCCAGGGCAGATCTCC : 2880 
MS AGTTGTCAGGAGAAGGGTTTAACCGCAAACGCTGGTAATCAGACTTAAAAITGTTCqAAGAGTCTTTCCGACAAGCATGTCAGATCCAGGGCAGATCTCC : 2890 
M84121 AGTTGTCAGGAGAAGGGTTTAACCGCAAACGCTGGTAATCAGACTTAAAAITGTTCaAAGAGTCTTTCCAACAAGCATGTCAGATCCAGGGCAGATCTCC : 2866 
AGTTGTCAGGAGAAGGGTTTA1\CCGCAAACGCTGGTAPTCAGACTTJ½AAA TGTTC GAGTCTTTCCaACAAGCATGTCAGATCCAGGGCAGATCTCC 
Glucocorticoid (progesterone) response element 
* 	270 	 * 	290 	 * 	310 	 * 	330 	 * 	350 
LW 	:TGCGGGAAAGGTGACTGGCTATTTTGAAAGACAGTCAAATATAAAACTTAAAAATATGTCCACGGAGTCCTCAAAAGAATTATAACTACTTCTTGCCATC: 2980 
MS :TGCGGGAAAGGTGACTGGCTATTTTGAAAGACAGTCAAATATAAAACTTAAAAATATGTCCACGGAGTCCTCAAAAGAATTATAACTACTTCTTGCCATC 2990 
M84121 :TGCGGGAAAGGTGACTGGCTATTTTGAAAGACAGTCAAATATAAAACTTAAAAATATGTCCACGGAGTCCTCAAAAGAATTATAACTACTTCTTGCCATC: 2966 
TGCGGGAAAGGTGACTGGCTATTTTGAAAGACAGTCAAATATAAAACTTAAAAATATGTCCACGGAGTCCTCAAAAGAATTATAACTACTTCTTGCCATC 
* 	370 	 * 	390 	 410 	 * 	430 	 * 	450 
LW 	: AGAAAAAAAATAAAATTCTATGCCTATGTATTATATGTAGCTACGATGGTATCTGCATCATTTTAAATGGACAGTTGATGGTGGAGACATTTAGAAGGAA: 3080 
MS AGAAAAAAAATAAAATTCTATGCCTATGTATTATATGTAGCTACGATGGTATCTGCATCATTTTAAATGGACAGTTGATGGTGGAGACATTTAGAAGGAA: 3090 
M84121 : AGAAAAAAAATAAAATTCTATGCCTATGTATTATATGTAGCTACGATGGTATCTGCATCATTTTAAATGGACAGTTGATGGTGGAGACATTTAGAAGGAA: 3066 
AGAAAAAAAATAAAATTCTATGCCTATGTATTATATGTAGCTACGATGGTATCTGCATCATTTTAAATGGACAGTTGATGGTGGAGACATTTAGAAGGAA 
* 	470 	 * 490 * 	sic 	 530 	 * 	550 
LW 	APTAPTATTTAGTGGTAATGTTAAGCTGGTGATATGCTAA TTTTAATGAC TGACTT CCTGTTTTCAAGGGAPAGAAACCCTTTCTGAATATTTTCA : 3180 
MS : ALTAATATTTAGTGGTAATGTTAPGCTGGTGATPATGCTAA TTTTAATGAC TGACTT CCTGTTTTCAAGGGAAGAAACCCTTTCTGAATATTTTCA 	3190 
M84121 : AATAATATTTAGTGGTAATGTTAAGCTGGTGATATGCTAA TTTTA1LTGAC TGACTT CCTGTTTTCA?GGGAAAGAAACCCTTTCTGAPTATTTTCA 3166 
AATAATATTTAGTGGTAATGTTAAGCTGGTGATPATGCTAAITTTTAATGACITGACTTI,CCTGTTTTCAAGGGAAAGAAACCCTTTCTGAATATTTTCA 
OCT1 site 	 APi site 
* 	570 	 * 	590 * 	610 	 * 	630 	 * 	650 
LW 	CCCCTGTATTTAGCTGTTAACATTTTCACCAAAATACCCACATGACATTATGAAGACTTACAAATAGAAAGGCTGTGAACTGCTCTCAGTGTTTAATTTT: 3280 
MS CCCCTGTATTTAGCTGTTAACATTTTCACCAAAATACCCACATGACATTATGAAGACTTACAAATAGAAAGGCTGTGAPLCTGCTCTCAGTGTTTATTTT : 3290 
M84121 :CCCCTGTATTTAGCTGTTAACATTTTCACCAAAATACCCACATGACATTATGAAGACTTACAAATAGAAAGGCTGTGAACTGCTCTCAGTGTTTAATTTT 	3266 
CC CCTGTATTTAGCT GTTAACATTTT CACCAAAATACCCACAT GACATTATGAAGACTTACAAATAGAAAGGCTGTGAACTGCTCTCAGTGTTTAATTTT 
* 	670 	 690 	 * 	710 	 * 	730 	 * 	750 
LW 	TCATTTCAAATTTTAGAACACCTTACTTAAATTACTAACTCTAGAGACAGCTTCATTTCACTTAAGTAGCACCTTTTAAATAATTTAAGCTGAAAAATCG: 3380 
MS :TCATTTCAAATTTTAGAACACCTTACTTAAATTACTAACTCTAGAGACAGCTTCATTTCACTTAAGTAGCACCTTTTAAATAATTTAAGCTGAAAAATCG 	3390 
M84121 TCATTTCAAATTTTAGAACACCTTACTTAAATTACTAACTCTAGAGACAGCTTCATTTCACTTAAGTAGCACCTTTTAAATAATTTAAGCTGAAAAATCG: 3366 
* 	770 	 * 	790 	 * 	810 	 830 	 * 	850 
LW 	:CCCTTGAAATGCATGCTGGAAAATGGAGACAGCAAGTTTCTTTCTCTCTTTCCTTTTATTTTCCCTCTTTCTCTTTGTATTTTTCGTCTTTGAAAAAAAA: 3480 
MS CCCTTGAAATGCATGCTGGAAAATGGAGACAGCAAGTTTCTTTCTCTCTTTCCTTTTATTTTCCCTCTTTCTCTTTGTATTTTTCGTCTTTGAAAAAA : 3490 





* 	870 	 * 	890 	 * 	910 	 * 	930 	 * 	950 
_TGTGTTCCCCTTCTAGCTTATTATTTTAATTAA1TTACTGTTGATCTGTTTTTAGGTTTAGGGCTGGAGATATCGGGTAGTGATGGCATATCTCTGA 
	
: ATGTGTTCCCCTTCTAGCTTATTATTTTAATTAAATTACTGTTGATCTGTTTTTAGGTTTAG 	GGCTGGAGATATCGGGTAGTGATGGCATATCTCTGA 





* 	970 	 * 	990 	 * 	1010 	 * 	1030 	 * 	1050 
LW AACTCTACATTTTAAAGGGGACTAAATAAGACTTGT.P,TGTAATCCCCCTCTCTCTTGCCTAACAGTAAGAGATGGAAAATAGAGGTGCCCTAACAAATAT : 3679 
MS : AACTCTACA 2TTAPJ ;GGGAcTAAATAAGACTTGTI TGTAATCC( CCTCTCTCTTGCCTAACAGTAAGAGATGGAAPATAGAGGTGCCCTAACAAATAT : 3690 
M84121 : ACTCTACA 2TTAM ;GGGACTAAATAAGACTTGT2 TGTAATCC( CCTCTCTCTTGCCTAACAGTALGAGATGGAAAATAGAGGTGCCCTAACAATAT : 3665 
AACTCTACA: £TTAAI ;GGGAcTAAPTAAGACTTGT) TGTAATCC( CCTCTCTCTTGCCTAPCAGTI-JkGAGATGGAAATAGAGGTGCCCTAACAAATAT 
TATA box 	 bcd site 
* 	1070 	 * 	1090 	 * 	1110 	 * 	1130 	 * 	1150 
LW : TAACTCAAAGGATCATAAAATTAAAAAGAAAAAATTTTTCTCTAAGTAGTAGAGAGTATTTCTATAGGAAAAAJATATATATATATATTTTTCGTGATTA 3779 
MS : TAACTCAAAGGATCATAAAATTAAAAAGAAAAAATTTTTCTCTAAGTAGTAGAGAGTATTTCTATAGGAAAAAIATATATATATATTTTTTTCGTGATTA : 3790 
M84121 TAACTCAAAGGATCATAAAATTAAAAAGAAAPAATTTTTCTCTAAGTAGTAGAGAGTATTTCTATAGG 	TATATATATATATTTTTCGTGATTA 3765 
TAACTCWGGATCATAAAATTAAAPAGAPA.Z\AATTTTTCTCTAAGTAGTAGAGAGTATTT CTATAGG TATATATATATaTTTTTCGTGATTA 
* 	1170 	 * 	1190 	 * 	1210 	 * 	1230 	 * 	1250 
LW 	: TTTTGTAATGTGGTGGCTTGAAAAGATGTCATTGTTTTAACCTAGGAGAAGATCAAATATTTCTTACAAAITATTTTGCAGGAAAATCATTACCATGAGA : 3879 
MS : TTTTGTAATGTGGTGGCTTGAAAAGATGTCATTGTTTTAACCTAGGAGAAGATCAAATATTTCTTACAAAIITATTTTGCAGGAAAATCATTACCATGAGA : 3890 
M84121 : TTTTGTAATGTGGTGGCTTGAAAAGATGTCATTGTTTTAACCTAGGAGAAGATCAAATATTTCTTACAAAllrATTTTGCAGGAAAATCATTACCATGAGA 	3865 
TTTTGTAATGTGGTGGCTTGAAAAGATGTCATTGTTTTAACCTAGGAGAAGATCAAATATTTCTTACAAAIrATTTTGCAGGAAAATCATTACCATGAGA 
* 	1270 	 * 	1290 	 * 	1310 	 * 	1330 	 * 	1350 
LW 	: ATTGCAGTGATAGCCTTCTGCCTCTGGGGCTTCGCCTCTGCCCTTCCAGTGAGTACAGCTGTCTTAACAGAATTCCCCCATATGTTGTGTG : 3979 
MS ATTGCAGTGATAGCCTTCTGCCTCTGGGGCTTCGCCTCTGCCCTTCCAGTGAGTACAGCTGAATCTTACAGPJTTCCCCCAAATATGAATTGTGTG : 3990 
M84121 : ATTGCAGTGATAGCCTTCTGCCTCTGGGGCTTCGCCTCTGCCCTTCCAGTGAGTACAGCTGAATCTTAAACAGAATTC-----------------------3943  
ATTGCAGTGATAGCCTTCTGCCTCTGGGGCTTCGCCTCTGCCCTTCCAGTGAGTACAGCTGAATCTTAAACAGAATTCccccaaataaatgaattgtgtg 
Figure 5-14 Alignment of Meishan (MS) and Large White (LW) sequences with published promoter region of porcine SPPI showing 
consensus regulatory regions (blue boxes) and region of high promoter activity (green text on consensus sequence) and negative 
regulatory regions (red text on consensus sequence). Sequence variants are highlighted in yellow where the MS sequence varies from 
the LW and the published sequence and in blue where the published sequence varies from the MS and LW sequences. Exon regions 
are shown in bold text. Position 0 is the transcription start site. 
* 	8520 	* 	8540 	* 	8560 	* 	8580 	 8600 
LW AGCTGGTCACCGATTTCCCCACCGACACCCCAGCAACCGACGTCACTCCGGCTGTCCCCACGGGAGACCCCAATGATGGCCGCGGGGATAGTGTGGTCTA : 8560 
MS AGCTGGTCACCGATTTCCCCACCGACACCCCAGCAACCGACGTCACTCCGGCTGTCCCCACAGGAGACCCCAATGATGGCCGAGGGGATAGTGTGGCGTA : 8571 
AJ237 667 	: ------TCACCGATTTCCCCACCGACACCCCAGCAACCGACGTCACTCCGGCTGTCCCCACGGGAGACCCCAATGATGGCCGCGGGGATAGTGTGGTCTA : 94 
* 	8620 	* 	8640 	* 	8660 	* 	8680 	* 	8700 
LW : TGGACTGAGGTCAAAATCTAAGAAGTTCCGCAGATCCGAAGCCCAGGTAAATCCTGAAACAGACGCAGCCGATGGTTCCGAGGAGAGCCCTGTCCTAGGA : 8660 
MS : TGGACTGAGGTCAAAATCTAAGAAGTTCCGCAGATCCGAAGCCCAGGTATCCTGAAACAGACGCAGCCGATGGTTCCGAGGAGAGCCCTGTCCTAGGA : 8671 
AJ237 667 : TGGACTGAGGTCAAAATCTAAGAAGTTCCGCAGATCCGAAGCCCAGGTAAATCCTGAAACAGACGCAGCCGATGGTTCCGAGGAGAGCCCTGTCCTAGGA 194 
* 	8720 	 8740 	* 	8760 	* 	8780 	* 	8800 
LW : AACCAGAATCGGcAGGCTCATGTATTCGCTCATTCAGCCAGCATGACTACTTGACACWCCTGTGTTTAATCCACATATTTCTCCCTAATTTTGT : 8760 
MS : AACCAGAATCGGCATGCTCATGTATTTGCTCATTCAGCCAGCATGACTACTTGAACACAAAACCTGTGTTTAAATCCACATAATTTCTCCCTAATTTTGT 8771 
AJ237 667 : AACCAGAATCGGCAGGCTCATGTATTCGCTCATTCAGCCAGCATGACTACTTGAACACAAAACCTGTGTTTAAkTCCACATAPTTTCTCCCTAATTTTGT : 294 
* 	8820 	* 	8840 	* 	8860 	* 	8880 	* 	8900 
LW : CTCTCAATCACGAGGCAGTTTTTCCAAACCCTGGCTATAAAGCACTTATTCTATTCACTGTTTTAAATTTAAAAAGGACTTCCGAAAAGAGTAATTCTTT 8860 
MS : CTCTCAATCACGAGGCAGTTTTTCCAAACCCTGGCTATAAAGCACTTATTCTATTCACTGTTTTAAATTTAAAAAGGACTTCCGAAAAGAGTAATTCTTT : 8871 
AJ2 37667 CTCTCAATCACGAGGCAGTTTTTCCAAACCCTGGCTATAAAGCACTTATTCTATTCACTGTTTTAAATTTAAAAAGGACTTCCGAAAAGAGTAATTCTTT : 394 
* 	8920 	* 	8940 	* 	8960 	* 	8980 	* 	9000 
LW TTCATGCTATCATGGTCACATTTTGAAATTCAATGCAGAAGAAGACTTGGAGAGGTGCAAATTACACTGACTCCACAGTCAAAGGATCTGAATTTGGCAC 8960 
MS TCCATGCTATCATGGTCACGTTTTGWTTCAATGcAGAPGA --- CTTGGAGAGGTGCAAATTAcACTGACTCCACAGTCAAGGATCTGAATTTGGcAC : 8968 
AJ237 667 : TTCATGCTATCATGGTCACATTTTGAAATTCAATGCAGAAGAAGACTTGGAGAGGTGCAAATTACACTGACTCCACAGTCAAAGGATCTGAATTTGGCAC : 494 
* 	9020 	 41 	 9040 	* 	9060 	* 	9080 	* 	9100 
LW :ATGGCTTTGCCATTTACTACTCACATTACTTTTTAACTTCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTG: 9060 
MS ATGGCTTTGCCATTTACTACTCACATTACTTTTTAACTTCT-------------- ---- ----------------------------------------- : 9009 
AJ237667 ATGGCTTTGCCATTTACTACTCACATTACTTTTTAACTTTTTTTTTTTTTTTTTTTTTTTTTTT ---------------------------------- G 560 
SINE sequence 
* 	9120 	 914a 	* 	9160 	* 	9180 	* 	9200 
LW GTCTTTTGTCTTTTTTGTTGTTGTTGTTGCTATTTCTTGGGCCGCTCCCGCGGCATATGGAGGTTCCCAGGCTAGGGGTCTAATCGGAGCTGTAGCCACC: 9160 
MS : ----------------------------------------------------------------------------------------------------: - 
AJ237 667 : 	 : 656 
* 	9220 	* 	9240 	* 	9260 	* 	9280 	* 	9300 
LW 	: GGCCTACACCAGAGCCACAGCAACTCGGGATCCGAGCCGTGTCTGCAACCTACACCACAGCTCACGGCAACGCCGGATCGTTAACCCACTGAGCAAGGGC : 9260 
MS • --------------------------------------------------------------------------- : 	- 
AJ237 667 :GGCCTACACCAGAGCCACAGCAACTCGGGATCCGAGCCGTGTCTGCAACCTACACCACAGCTCACGGCAACGCCGGATCGTTAACCCACTGAGCAAGGGC: 756 
9320 	* 	9340 	* 	9360 	* 	9380 	* 	94u 
LW 	AGGACCGACCCGcAcCTIGGTTCCTATCcGATTCGTTA.kCcAcTGcGccAcGATGGG1AcT CCTCTTTTT7LACTTCT GATTCCGTTTCCCTTT: t Z7  
MS : --------------------------------------------------------------------- 	 GATTCCGTTTCCCTTT : 9025 
AJ237 667 : 	 856 
9420 	 * 	9440 	* 	9460 	 9480 	 9500 
LW 	: ATGTAAAACAGACGAGACCCGCCTCGTAGATTTCCTTGCATAGATAATGGATGTGCCTATTAAAGTAAAGGAGATGACAGAGTAAAAGGACCTGGTGAAA : 9460 
MS ATGTAkAACAGACGAGACCCGCCTCGTAGATTTCCTCGCATAGATAATGGATGTGCCTATTAAGTAAAGGAGATGACAGAGTAAAAGGACCTGGTGAAP 9125 
A3237 667 : ATGTAAAACAGACGAGACCCGCCTCGTAGATTTCCTTGCATAGATAATGGATGTGCCTATTAAAGTAAAGGAGATGACAGAGTAAAAGGACCTGGTGAAA : 956 
* 	9520 	* 	9540 	* 	9560 	* 	9580 	* 	9600 
LW 	:AAAAAAAAAGTAACACACTGGTATTATTATTATTACTTCAGCCACATTTAGACATTTCTGTAGAATACACTGGCCTGAAAGTTAGAAAGCAGAAAAGAGC: 9560 
MS AmAkAGTAACACACTGGTATTATTATTATTACTTCAGCCACATTTAGACATTTCTGTAGAATACACTGGCCTGAAAGTTAGAAAGCAGAAAAGAGC : 9225 
AJ237 667 :AAAAAAAAAGTAACACACTGGTATTATTATTATTACTTCAGCCACATTTAGACATTTCTGTAGAATACACTGGCCTGAAAGTTAGAAAGCAGAAAAGAGC: 1056 
* 	9620 	 * 	9640 	 * 	9660 	 * 	9680 	* 	9700 
LW 	: TACAGTGTTCCCATCCCTGGCTGTTCATTTAATTCTTCTCCCATTTTTGCTGTGATTCAGCAGCTGGATGCCACAGAGGAAGACCICACGTCACATGTGG 	9660 
MS : TACAGTGTTCCCATCCCTGGCTGTTCATTTAATTCTTCTCCCATTTTTGCTGTGATTCAGCAGCTGGATGCCACAGAGGAAGACCICACGTCACATGTGG : 9325 
AJ237 667 : TACAGTGTTCCCATCCCTGGCTGTTCATTTAATTCTTCTCCCATTTTTGCTGTGATTCAGCAGCTGGATGCCACAGAGGAAGACCOCACGTCACATGTGG : 1156 
* 	9720 	* 	9740 	* 	9760 	* 	9780 	* 	9800 
LW 	AAAGTGAGGAGACGGATGGTACCCCCAAGGCCATCCTCGTTGCCCAGCGCCTGCACGTGGCTTCTGACTTGGACAGCCAAGAGAAGGACAGTCAGGAGAC 	9760 
MS : WGTGAGGAGACGGATGGTACCCCCAAGGCCATCCTTGTTGCCCAGCGCCTGCACGTGGCTTCTGACTTGGACAGCCAAGAGAAGGACAGTCAGGAGAC : 9425 
AJ2 37667 : AAAGTGAGGAGACGGATGGTACCCCCAAGGCCATCCTCGTTGCCCAGCGCCTGCACGTGGCTTCTGACTTGGACAGCCAAGAGAAGGACAGTCAGGAGAC : 1256 
-.1 
* 	9820 	* 	9840 	* 	9860 	* 	9880 	* 	9900 
LW 	: GAGTCAGCCGGATGACCGCAGTGTGGAAACCCGCAGCCAGGAGCAGTCCAAAGAATACACGATCAAGACCTATGATGGGAGCAATGAGCATTCCAATGTG : 9860 
MS GAGTCAGCCGGATGACCGCAGTGTGGAAACCCGCAGCCAGGAGCAGTCCAAAGAATACACGATCAAGACCTATGATGGGAGCAATGAGCATTCCAATGTG : 9525 
AJ237667 : GAGTCAGCCGGATGACCGCAGTGTGGAAACCCGCAGCCA-------------------------------------------------------------: 1295 
Figure 5-15 Alignment of Meishan (MS) and Large White (LW) sequences with published 3' end of porcine SPPI. Sequence variants are 
highlighted in yellow where the MS sequence varies from the LW and the published sequence and in blue where the published sequence 
varies from the MS and LW sequences. The two 14 bp target DNA sequences flanking either side of the SINE are highlighted in pink. 
5.3.8. Homology searches 
5.3.8.1. Nucleotide sequence 
The GenBank, EMBL, DDBJ and PDB databases were searched with the complete 
nucleotide sequence for the Large White copy of the gene using BLAST. The only 
match for the entire length of the gene sequence was with human sequence 
(GenBank accession number D14813). For other species, at present only cDNA 
sequences rather than full gene sequences are available in the public databases. The 
human gene structure appears to be a similar size and structure to that of the pig. To 
calculate sequence identity between sequences, pairwise alignments were made using 
the GAP programme within GCG, the published sequences were imported into GCG 
using the xfetch option. The Large White and Meishan sequences were found to be 
99.123 % identical. The Large White sequence was 44.468 % identical to the human 
and the Meishan sequence had 44.189 % similarity. 
5.3.8.2. Amino acid sequence 
As with the nucleotide sequence, the coding sequence of the Large White was 
BLAST searched against GenBank CDS translations, PDB, SwissProt, PIR and PRF 
databases. There were several protein sequences from mammalian species found to 
have a high sequence identity (the SwissProt accession numbers are shown in 
brackets after the species names). The sequences for Sus scrofa (P 14287), Homo 
sapiens (P10451), Mus muscu/us (P10923), Rattus norvegicus (P08721), Oryctolagus 
cuniculus (P31097), Ovis aries (Q9XSY9) and Bos taurus (P31096) were then 
aligned with the Large White and Meishan sequences, in order to identify regions of 
high sequence identity between species (see Figure 5-16). The regions that are 
conserved across species are very likely to be functionally important to the protein, 
for example the RGD binding site. 
In addition pairwise alignments were carried out, using the GAP programme within 
GCG, to discover the level of identity between the amino acid sequences from 
different species (see Figure 5-17). 
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EXON 2 	 EXON 3 	 EXON 4 	 EXON 5 	EXON 6 
* 20 	*1 	40 	* 	60 	* 	80 
LW : MRIAVIAFCLWGFAAL VKQTNSGSSEEKI4 SNKYTDAVATLLKPDPSQKQTFLAP NTISSEETDDFKQTLPSKSNESPEQT : 85 
Pig : MRIAVIAFCLWGFA3AL VKQTNSGSSEEKIISNKYTDAVATLLKPDPSQKQTFLAP NTISSEETDDFKQETLPSKSNESPEQT : 85 
MS : MRIAVIAFCLWGFASAL VKQTNSGSSEEKII SNIYTDAVATLLKPDPSQKQTFLAP NTISSEETDDFKQFTLPSKSNESPEQT : 85 
Human : MRIAVICFCLLGITCAI VKQAD?GSSEEK 	YNIYPDAVATWLNPDPSQKQNLLAP NAVSSEETNDFKQETLPSKSNESHDHM : 85 
Rabbit MRIAVICFCLLGMAYAL VKHADSGSSEEK YHKHPDA1LkTWLNPDPSQKQNLLTP NAMSSEEKDDLKQFTLPSNSIESHDHM : 85 
Mouse : MRLAVICFCLFGIA.SL VKVTDSGSSEEKIJ-YSLHPDPIATWLVPDPSQKQNLLAP NAVSSEEKDDFKQPTLPSNSNESHDHN : 84 
Rat : MRLAVVCFCLFGLA5CL VKVAEFGSSEEK3}iYSKHSDAVATWLKPDPSQKQNLLAP NSVSSEETDDFKQFTLPSNSNESHD} 	: 85 
Cattle : MRIAVICFCLLGIASAL VKPTS GSSEEK 	NNKYPDAVAIWLKPDPSQKQTFLTP NSVSSEETDDNKQ TLPSJ<SNESPEQT : 85 
Sheep : 	RIAVICFCLLGIASA 	VKPTS GSSEEKNN YPD VA WLKPDPSQKQTFLEP NSVSSEE.DDNKQ TLPSSESPEQT : 85 
signal peptide 	start secreted protein 	 Human: Exon 5 missing in 
alternative splice variant 
Potential Asn-linked glycosylation site 
-41 	100 	* 	120 	 * 	 140 	* 	160 	* 
LW : DDVDDDDDE HVDSRI T----DSEEADH DDADRSDESHHSDESDELViDFPTDTPATDI-TLAPTGDPN GRGD GL-RS : 164 
Pig : DDVDDDDLE HVDSR T----DSEEAD}DDADRSDESHHSDESDELVTDFPTDTPATDV-TPA"IPTGDPN GRGD 	GL-RS : 164 
MS : DDVDL)DDDE HVDSRFT----ISEEADfl[1DAL:RSDESHHSDESDELVTDFPTDTPATDV-TLA:PTGDpN GRGD YL-RS 	: 164 
Human : DDMDDEDDD HVDSQSIDSNI ::DDVDEDDSHQSDESHHSDESDELVTDFPTDLPATEVFTPVVpTVDTy GRGD 	GL-RS : 169 
Rabbit : DDIDEDEDD HVDNRS---NEDDADFDDSHHSDESHQSDE5DE-VV'VEDAATT:FTEVVPTVETy GRGD YRLKRS : 166 
Mouse : DDDDDDDDD G---------- I HESEVDSDESDESHHSDESDETVIA----STQADTFTPIVPTVDVP GRGD 	YGL-RS : 154 
Rat : DDDDDIDDDD G---------- --HAESEtVNSDESDESHHSDESDESFTA----STQADLTPIAPTVDVP GRGD YGL-RS : 154 
Cattle : DDLJDDDPDN QDVNSI ------ 3DDAETjDDPDHSDESHHSDESDE_VDFPTDIPTIAVFTPFiPTESAN GRGD 	YGL-KS 	: 162 
Sheep - - ----iSDDIjDDSDHSNES-ISDESDE--ADi:TTDIPTIAVFTPPFPTESTN 	RD YGL-KS 	: : DDLDDDDEN QEVNS 	 W 162 
Poly aspartate region(mediate hydroxyapatite binding) 
	




180 	 * 	 200 	 * 	220 	 * 	240 	 * 
LW KSKKFRREA(QLiATEEDLTSHVESEETDGTPKAILVAQRLHVA DLESQEDQETSQPDDRSVETRSQEQSKEYTIKTYDG- : 	248 
Pig : KSKKFRRSEAçQLI ATEEDLTSHVESEETDGTPKAILVAQRLHVA DLSQED.$QETSQPDRSVETR3QEQSKEYTIhTYDG- : 	248 
MS : KSKKFRRSEAç QLATEEDLTSHVESEETDGTPKAILVAQRLHVA DLSQE:DSQET QPDDRSVETR$QEQSKEYTINTYDG : 	248 
Human KSKKFRRPDI fPDATDEDITSHMESEELNGAY 'AIPVAQDLNAP DWI SRG 	SYETQLJIQSAETHSHKQSRLYKRKNDE- : 	253 
Rabbit : KSIIFHVNAc fPGASEEDLSSHVDSEDLDDTPAIPVAQHLNVP. DW SQEDHD\ SQVfHSVETQH.QAR::YKREANDN_ : 	250 
Mouse KSRSFQV1DE(YP[ATDEDLTSHMKSGFSKESLDV[PVAQLLSMP DQLNNGGSHESSQLE)EPSLETHRLtH3KSQE------ : 	233 
Rat : KSRSFPVDEçYPEATDEDLTSRNKSLSDEAIKVIP,AQRLSVP; 7 Qt SNG:THESSQLDEPSVETH3LEQSKEYKQkASHES : 	239 
Cattle : 	223 
Sheep 
: RSKKFRR:NV( SPDATEEDFTSHIES'TMHDAPE< ----------- 
	
KTSQLT[HSKETN.$SELSKELTPNAKD--  
: KSKKFRR:3NVESPDATEEDFTSHIES:*MHDAPR------------ KTSQLTDHSEETNSDELPKELTPKAKE -- : 	223 
Putative calcium binding domain 
260 	 * 	280 	 * 	300 	 * 	320 	 * 
LW : -----------------SNEHSNVIESQEt 	KVSQE----- FIHSHEDKLVPDSKS-EEDKHLKLRVSHELESASSEIN : 	303 
Pig : ----------------- SNEHSNVIESQEt 	KVSQE----- FiSHEDKLVPDSKS-EEDKHLKLRVSHELESASSEIN : 	303 
MS - ----------------- SNEHSNVIESQE KVSQE----- FHSHEDKLVPDSKS-EEDKHLKLRVSHELESASSEIN : 	303 
Human - 	----------------- SNEHSDVIDSQEI KVSREFHSHEFr-ISHEDMLVVUPKSKEEDKHLKFRISHELDSASSEVN : 	314 
Rabbit : 	----------------- SVEHSHSIDSQES, KVSQESQSREFRSHEDELAIEPKSEEDEEHRQLRVSHELDSTSSEIN : 	311 
Mouse : 	-----------------SADQSI VIDSQASr KASLEHQSHKFHSHKDKLVLDPKSKEDIF'YLNFRISHELESSSSEVN : 	294 
Rat : TEQSDAIDSAEKPDAIDLAERSDAIDSQAS1 KASLEHQSHEFHSHEDKLVLDPKSKED:i'YLKFRISHELESSSSEVN : 317 
Cattle : 	----------------- KNKHSNLIESQEI'KLSQE ----- F}iSLEDKLDLL'HKS-EEDIHLKIRISHELDSASSEVN : 	278 
Sheep : 	----------------- ESKTSNRIESQF4 KTSQE-----FSLFDT<LDLT1HKS-EERT T<IRISHELDSVSSEVN : 	278 
Figure 5-16 Alignment of amino acid sequence of SPPI from several mammalian species with Meishan (MS) and Large White (LW) 
sequences. Functional regions are highlighted with a blue box. The exons encoding these sequences are noted. 
Key: 
Hiry align (sequences are conserved across 100% of species) 
Secondary align (sequences are conserved across 80% of species 
Tertiary align (sequences are conserved across 60% of species) 
I I = amino acid differences between Meishan and Large White sequence 
Figure 5-17 Pair-wise amino acid sequence similarity of Meishan and Large 
White sequences with other mammalian species (shown as a percentage) 





Pig 99.01 100.00 
(P14287) 
Human 71.62 71.29 71.29 
(P10451) 
Cattle 72.92 71.84 71.84 69.78 
(P31096) 
Sheep 70.76 70.04 70.04 67.99 91.73 
(Q9XSY9) 
Rabbit 65.56 64.90 64.90 69.68 61.15 60.43 
(P31097) 
Rat 63.70 62.67 62.67 68.79 61.11 61.11 61.41 
(P08721) 
Mouse 61.81 61.11 61.11 68.84 62.74 60.08 60.88 85.32 
(P10923) 
5.3.9. Secondary structure prediction 
The PIX analysis from the HGMP resource centre (http://www.hgmp.mrc.ac.uk ) was 
used to investigate the structure of the protein sequence from the Meishan and from 
the Large White. Secondary structure prediction was carried out using the DSC 
(Discrimination of protein Secondary structure Class) program (King and Sternberg, 
1996), which is claimed to be around 70 % accurate. The output is shown in Figure 
5-18. 
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I 	 ILW 
I 	 IMS 
Coil region = Alpha helix EJ Beta strand 
Figure 5-18 Secondary structure prediction of Large White (LW) and 
Meishan (MS) SPP1 protein sequences 
The secondary folding was predicted to be identical for the sequences from both 
breeds. The valine to alanine amino acid change encoded in exon 6 lies within a beta 
strand, however the change does not alter the predicted secondary structure. The 
other two amino acid changes lie within the coil region. The PIX analysis also 
classifies the amino acids within the sequence. Table 5-3 shows the nature of the 
amino acid side chains for the alternative amino acids present for the three variants. 
Table 5-3 Amino acid properties of variants between Large White (LW) and 
Meishan (MS) sequences 













Acidity Neutral Neutral Neutral Neutral Neutral Neutral 













Aromaticity Neutral Neutral Aliphatic Neutral Neutral Neutral 
Position Buried Surface Buried Buried Surface Surface 
Charge Neutral Neutral Neutral Neutral Neutral Neutral 
Size Tiny Small Small Tiny Small Tiny 
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5.4. Discussion 
In the QTL study (chapter 2) litter size and prenatal survival rates were recorded for 
F2 generation cross-bred sows and an association between the telomeric region of 
chromosome 8 and a difference in the performance of animals with alleles of 
Meishan and Large White breed origin for these traits was found. As previously 
mentioned, SPPJ maps within the 95 % confidence interval of this QTL. 
SPP 1 is an acidic phosphorylated glycoprotein involved in controlling trophoblast 
elongation and implantation during the pen-implantation period and is a strong 
candidate gene for control of the differences in prenatal survival levels observed 
between the Meishan and Large White breeds. The Meishan uterine environment 
restricts the development and elongation rate of the conceptus during the pen-
implantation period (days 12-18 of gestation) and consequently allows an increased 
number to survive this critical period of loss (Biensen et al., 1999 and (Wilson et al., 
1998). See section 1.4.2 for more detail on the differences in the control of prenatal 
survival between the Meishan and Large White breeds. 
The native 70 kDa form of SPP1 is degraded to the biologically active 45 kDa form, 
which is then released as part of the histotroph secretion from the endometnium. This 
active form of SPP 1 has a high affinity for avf33 integrin (vitronectin) receptors 
expressed by the trophectoderm (the outer layer of the blastocyst) and the uterus 
during the implantation window (Johnson et al., 2000). 
The binding of SPP I to the vitronectin receptors on the trophectoderm and uterus 
stimulates changes in morphology of the trophectoderm and extra-embryonic 
endoderm that result in the cytoskeletal reorganisation and elongation of the 
conceptus. It also induces adhesion and cell signalling between the luminal 
epithelium and trophectoderm essential for attachment, superficial implantation and 
placentation (Johnson et al., 1999b; Johnson et al., 2000). 
In pigs, an increased expression of SPP1 mRNA has been shown in the uterine 
luminal epithelium, in regions of close proximity of conceptus tissue, after day 15 of 
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gestation (pen-implantation period) and has been shown to result in integrin 
activation and the accumulation of the cytoskeletal molecules required to form the 
"focal adhesions" for adhesion and signalling between the conceptus and the uterus 
(Garlow et al., 2002). Interestingly porcine conceptuses were not shown to express 
SPPJ mRNA, however the protein was found at the conceptus trophectoderm as well 
as the uterine luminal epithelium (Ganlow et at., 2002). 
The release of progesterone and interferon-tau (the maternal recognition of 
pregnancy signal) from the trophoblast, during the pen-implantation period, have 
been shown to result in this increased expression of SPP1 mRNA from the luminal 
epithelium of the uterine endometrium in humans (Omigbodun et al., 1997), mice 
(Nomura et al., 1988) and pigs (Garlow et al., 2002), from the glandular epithelium 
of the uterus and decidualising stroma of baboons (Fazleabas et al., 1997) and from 
the glandular epithelium of ewes (Johnson et al., 2000 and (Johnson et al., 1999b). 
Indeed the mouse and human SPP1 genes possess a putative progesterone regulatory 
element in the 5' flanking region (Craig and Denhardt, 1991; Hijiya et at., 1994), this 
motif was also seen in the pig sequence (Zhang et al., 1992a). It is also believed that 
there is an oestrodiol response element in the munine promoter region and Craig and 
Denhardt (1991) demonstrated that oestradiol as well as progesterone can induce 
expression of SPPJ mRNA. This oestradiol response element was not identified in 
the study to characterise the porcine promoter region of SPP1 (Zhang et al., 1992a). 
From days 12-15 of gestation the Meishan embryos have a smaller number of 
trophectoderm cells than Yorkshire embryos and as a consequence they secrete less 
oestradiol to the uterus (Ford, 1997). In response to this lower level of oestradiol 
from the Meishan embryos, it is possible that the level of SPP1 expression is reduced 
in the uterus of the Meishan sows compared to the Large White. The postulated 
reduced level of SPP 1 could result in less trophectoderm elongation in this breed. 
However it is not entirely clear whether this suggestive reduction in SPP1 expression 
would affect implantation. Thus, the importance of this gene in the control of overall 
variation in prenatal survival levels between the two breeds cannot be clearly 
ascertained from the literature available. There will of course be other proteins 
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present in the histotroph secretion from the endometrium, which also control embryo 
development. 
By sequencing a copy of SPPJ from both breeds it was hoped that variation would be 
identified, in particular in regulatory regions, that may indicate a change in the 
control of the level of gene expression or a variation in protein structure and 
subsequent function between breeds. A relatively high level of variation was 
identified between the two gene sequences, with an average of one sequence variant 
per 104 base pairs. As a comparison, Fahrenkrug et al. (2002) observed single 
nucleotide polymorphisms (SNPs) on average every 184 bp, in regions of expressed 
genomic DNA from crossbred pigs of Western and Chinese origin. SNPs do indeed 
represent the most abundant form of genetic variation and occur on average at every 
100-300 bases in the human genome. Many SNPs have no effect on cell function, 
but it is believed that some can predispose individuals to disease and influences how 
different people respond to drugs (SNP fact sheet, 
http://www.ornl.gov/hgmis/fau/snns.html).  
The most obvious difference between the sequences from the Meishan and Large 
White was where the SNP variant resulted in a change in amino acid sequence and 
could therefore subsequently result in a change in the structure and properties of the 
protein. There were found to be three amino acid variants between the predicted 
SPP1 sequence. The valine to alamne encoded in exon 6 is a relatively conserved 
change in that the side chains of both amino acids are non-polar and these residues 
are of the same family and will therefore have very similar properties. In contrast, 
the alanine to threonine and the proline to serine changes encoded in exons 6 and 7 
both represent changes from a non-polar side chain residue, which tends to cluster on 
the inside of the protein, to an uncharged polar side chain, which is relatively 
hydrophilic and tends to remain on the outside of the protein (Alberts et al., 2002). 
Figure 5-16 shows the level of similarity of the SPP1 sequence with other species 
and it can be seen that of the three amino acid changes the serine residue (position 
286 on Figure 5-16) is the most conserved across species. In fact only the Large 
White and published pig sequence had a proline residue rather than a serine at this 
UIR 
position. Not unexpectedly due the similarity in the structure of each of the three 
pairs of amino acids, the secondary folding of the protein was predicted to be the 
same for the two breeds of pig. 
The expression of SPPJ is controlled by complex regulatory systems, which differ 
between cell types, in some tissues the gene is expressed constitutively and in others 
expression is switched on and off (Yamamoto et al., 1995). Control of transcription 
is developmentally regulated in different tissues. Many different growth and 
differentiation factors as well as hormones and tumour promoters influence 
expression levels. Also alternative promoters are used in different tissues 
determining the size of the resulting transcripts (Zhang et al., 1992a). 
Craig and Denhardt (1991) suggested that transcription from the mouse SPPJ 
promoter is normally repressed or controlled at the posttranscriptional level and that 
different promoter regions are active in varying tissues. For example the promoter 5' 
of exon 1 is active in epidermal, fibroblast and osteoblast-like cells and repressed in 
T cells where the promoter in intron 1 is active (Craig and Denhardt, 1991). 
As mentioned previously, it is likely that it is the level of expression of the SPPJ 
gene that is important in controlling the rate of trophoblast elongation. Therefore 
sequence variation between breeds was investigated within the known regulatory 
regions of the gene. The promoter region of human, mouse and porcine SPPJ had 
been characterised by (Craig and Denhardt, 1991; Hijiya et al., 1994; Yamamoto et 
al., 1995; Zhang et al., 1992a). Figure 5-14 shows that there was no variation 
between the gene sequences of the two breeds in any of the putative consensus 
sequences for promoter regulatory regions, including putative progesterone response 
elements, from the published porcine sequence (Zhang et al., 1992a). However, the 
main difference in the intron 1 promoter region is the length of the d(TG)n 
microsatellite repeats, although no evidence was found for a role of this DNA repeat 
in gene expression levels. Intron 1 contains regions of good promoter activity and 
coincidently a high level of conservation was seen between the sequences of the two 
breeds compared to the other introns in the gene sequence (Table 5-3). This could 
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reflect an evolutionary pressure to retain important regulatory regions and therefore 
any SNP found within this region could have a significant role in gene expression 
levels. 
The TATA box at position —30 of the transcription start site (Figure 5-14) is believed 
to function as a positioning factor initiating transcription by RNA polymerase II. 
TATA boxes are found in the promoter regions of many genes, although the 
sequence is usually TATAAA and it is not known why the porcine and mouse 
sequence was found to be TTTAAA by myself and also by Yamamoto et al. (1995) 
and Craig and Denhardt (1991). There is also a VDRE-like sequence at position - 
2293. It has been reported that there is a short term regulation in osteoblast-like cells 
by 1 ,25-(OH)2-vitamin D3 of posttranslational modification of SPP 1 which may 
modify the functional properties of the protein (Safran et al., 1998). Both of these 
regulatory motifs are conserved across the two breeds. 
Transcription from the SPP1 promoter is normally repressed or controlled at the 
posttranscriptional level (Yamamoto et al., 1995). SPP1 does indeed have a 
significant number of potential serine and threonine sites that can be phosphorylated 
(Safran et al., 1998). Interestingly phosphorylated SPPI shows cell surface 
associations and the non-phosphorylated form is not found at the cell surface (Singh 
et al., 1990). There is also evidence to suggest that a decreased level of 
phosphorylation leads to reduced binding of SPP 1 to those cells containing the av03 
integrin receptors (Safran et al., 1998). Also SPP1 is rich is aspartic acid residues 
which can be heavily glycosylated (Hu et al., 1995). I decided that it would be 
worthwhile investigating the potential posttranslational modification sites within the 
gene and see whether the sequence of these sites differed between the Meishan and 
Large White. If posttranslational modification of the protein varies between the 
breeds it may explain a difference in the level of binding of SPP 1 to vitronectin 
receptors and the subsequent reduction in the rate of trophoblast development 
observed in the Meishan breed. 
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In those tissues where SPP 1 modification has been shown to occur at a 
transcriptional level, it appears to be activated by protein kinase C, cAMP and G-
proteins (Craig and Denhardt, 1991). Indeed Ashkar et al. (1995) demonstrated that 
a mouse osteosarcoma cell line attaches and spreads on surfaces coated with either 
golgi rich membrane preparations or with casein kmase II, but not with 
unphosphorylated or dephosphorylated protein or protein phosphorylation with 
cAMP or cGMP dependant protein kinase. It therefore appears that it is crucial for 
SPPI to be phosphorylated for example with casein kinase II in order to mediate cell 
matrix interactions, which allow the cell to respond to various stimuli for example 
cell signalling between the luminal epithelium and the trophectoderm. 
Mouse SPP 1 contains consensus sequences for various protein kinases, including 
several sites for casein kinase II and cAMP dependant protein kinases (Ashkar et al., 
1993). At least 58 consensus phosphorylation sites for different types of kinases 
appear to be organised into eight clusters in mouse SPPI (Ashkar et al., 1993). Not 
all potential sites will be phosphorylated in any tissue at a given time. The form of 
the phosphorylated protein depends on the cell type and/or the metabolic state of the 
cell (Ashkar et al., 1993). 
SPP 1 from rat bone has been shown to contain 12 phosphoserines and 1 
phosphothreonine, with I N-linked and 5 or 6 0-linked glycosylations (Prince et al., 
1987). Bovine SPP1 contains a total of 41 serines, 17 threonines and 2 tyrosines, 
giving a total of 60 potential phosphorylation sites (Kerr et al., 1991). Sorensen et 
al. (1995) showed that bovine SPPI from milk contains a total of 28 phosphorylation 
sites and 3 0-glycosylation sites (these sites are marked on Figure 5-19). Sorensen 
and Petersen (1994) stated that Ser—X---Glu/Ser motifs tend to be phosphorylated by 
mammary gland casein kinase (MGCK) and Ser—X-X-Glu/Ser is the recognition 
sequence for casein kinase II (CKII). 
It can be seen from Figure 5-16 that the amino acid change from a proline to serine 
(residue 286 on Figure 5-16) is in fact within a recognition sequence for casein 
kinase II. The Meishan sequence is Ser-X-X-Ser and the first serine will be 
En 
phosphorylated, whereas the Large White sequence is Pro-X-X-Ser and therefore 
will not be phosphorylated. In bovine milk SPPI, two serines in a MGCK 
recognition sequence and two serines in a CKII recognition motif (including the 
amino acid change at residue 286) were found not to be phosphorylated, although 
Sorensen et al. (1995) suggest that they may well be phosphorylated in different 
tissues and at various stages of development. 
Alignment of the bovine amino acid sequence with other species (Figure 5-16 and 
Figure 5-19) shows that the milk phosphorylation sites are mostly conserved, 16 out 
of the 28 phosphorylation sites are conserved across all species (pigs of Large White 
and Meishan breed, human, rabbit, mouse, rat, cattle and sheep). This high degree of 
conservation of serines and threomnes suggests that the phosphorylation of SPP I at 
specific sites is essential for the function of the protein (Sorensen et al., 1995). In 
addition the SNP site within exon 7 encoding either a proline or serine is also highly 
conserved across species, in that a serine is present in the protein sequence of all 
species except the Large White and Landrace breeds of pig (Figure 5-16). All these 
conserved sites across species include a strong evolutionary pressure to conserve 
these sites. 
The sequence comparisons of SPP 1 from Meishan and Large White breed origin 
revealed no apparent differences in the secondary folding of the protein or in the 
known regulatory regions of the gene within the direct promoter regions. However 
as mentioned, post-transcriptional modification plays an important role in the level of 
SPPJ expression. The gene does indeed have a significant number of conserved 
potential serine and threonine sites, which can be phosphorylated. This high degree 
of conservation of serines and threonines suggests that the phosphorylation of SPP 1 
at specific sites is essential for the function of the protein within various tissues and 
stages of development. As mentioned, the amino acid change from a proline to 
serine is within a recognition sequence for casein kinase II, such that the Meishan 
sequence would be phosphorylated and the Large White sequence would not be. It 
would be interesting to discover whether this site is indeed phosphorylated by CKII 
in the endometrial tissues of the pig. 
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EXON 2 	 EXON 3 	 EXON 4 	 EXON 5 
* 20 	 * 	40 	 * 	60 
LW MRIAVIAFCLWGFA3AL VKQTNSGSSEEK LSNKYTDAVATLLKPDPSQKQTFLAPNTISSEETDDFK : 70 
MS : MRIAVIAFCLWGFAAL VKQTNGSSEEK 	SNKYTDAVATLLKPDPSQKQTFLAPc1NTTSEETDDFK 70 
bovine : MRIAVICFCLLGIAL VKPTS GSSEEK 	.NNKYPDAVAIWLKPDFSQKQTFLTPcjN'.EETDDNK 70 
* 
EXON 6 
* 	100 	 * 	12: 	 140 
LW :Qi TLPSKSNESPEQ1DDVDDDDDEHVDS?flT ---- L'3EEADHDDALRSDESH SDESDEL--VTDFPT 134 
MS rTLPSKSNESPEQDDVDDL1Lf EtHVDSRFT----L; 	EADH1I1DDAJRSDESN SDESDEL--VTDF'PT 	: 134 
bovine 9NTLPSI S' ESPEQIDDLDDD1 , E ,NjrQD 	N----- LDDAENDPHDESH SDE DEV ---- D 	T 	: 131 
* 	160 	 * 	180 	 * 	200 	 * 
LW : DTPATDV-TEAVPTGDPN 	RGDS 	GL-RSKSKKFRRSEALDATEEDLTSVESEETDGTPKAILV : 202 
MS : DTPATDV-TPAVPTGDPN 	RGDS GL-RSKSKKFRREAQLDATEEDLTSVES 	TDGTPKA.[ LV : 202 
bovine 196 : LIPTIAVFTPFPTESAN 	RGD 	GL-KSRSKKFRR.NV9SPf5EEDFT 	iF MHDAPH---- 
220 	 * 	240 	 * 	260 	 * 	280 
LW :pi HVALDSQENDSQETQPDLRSVETRQNQKEYTIKTYDG------ -------- -- - - SNEHSN : 	254 
MS R HVASL[SQENDSQETSQPH RSVETR Q Q.KYTIKTYDG------------------3NEHSN 254 
bovine : ------------------ KTSQLT H KETN S L K LTPKAKD ------------------- KNKHSN : 	229 
* 	300 	 * 	320 	 * 
LW VIESQENKVSQE ----- FiS1tL1D.LVP SKS-EEi ;.HtKLRVSHELESASSEIN 	303 
MS : VIESQKNSKVSQE ----- FHSHEDYLVP SKS-EEDKHLKLRVSHELESASSEIN : 303 
bovine : 	LTESQT, 	SQE-----F 	SL DLDI 	HK -EEHTHI ;IRISHELDA SEVN 	: 	278 4*4 
Figure 5-19 Amino acid alignment taken from figure 5-16. Sites of phosphorylation and glycosylation in bovine milk SPPI are marked 
below the sequence. The exons encoding the sequences are noted. 
KEY: 	= Phosphorylation of serine within Ser-X-X-Glu/Ser motif (n=2), = Phosphorylation of serine within Ser-X-Asp motif (n=3) 
t = Phosphorylation of serine within Ser-X-Glu/Ser motif (n=22), A= 0 -glycosylation of threonine (n3) 
= Phosphorylation of threonine within Thr-X-Glu/Ser motif (n=1) * = tranglutaminase-reactive glutamines (n=2) 
SPP1 is expressed on the surface of the luminal epithelial cell of the endometrium 
and unlike unphosphorylated protein, phosphorylated SPPI has indeed been shown 
to have cell surface associations. There is also evidence to suggest that a decreased 
level of phosphorylation leads to reduced binding of SPP1 to those cells containing 
the avf33 integrin receptors. However this evidence contradicts the finding that the 
Meishan SPP1 protein will be phosphorylated at the CKH site proposed in exon 7, 
whereas the Large White protein would not be. If the decreased level of 
phosphorylation had been observed in the Meishan and not the Large White, this 
would correlate with reduced binding of SPP 1 to vitronectin receptors and the 
subsequent decreased elongation of the Meishan conceptuses. However the 
relationship between phosphorylation of SPP 1, receptor activation and reduced 
elongation of the conceptus may well be more complex, it is only really possible to 
state that there may be a difference in exchange of information between the 
implantation site and the conceptus, and some of that could as easily be growth 
retarding as well as growth enhancing. 
The literature suggests that it is the mother's genotype and not the conceptus that 
controls the significant difference in the level of pen-implantation loss between 
breeds (see section 1.4.2). Indeed an association was found between the genotypes 
of F2 sows and litter size and prenatal survival levels for these animals in the QTL 
study of chapter 2. In addition SPP 1 mRNA is only expressed from the uterine 
endometrium and not by the conceptus (Garlow et al., 2002). 
The main putative sequence variants of interest, for example the SINE and the three 
amino acid changes, need to be confirmed in genomic DNA from several animals to 
confirm that they are genuine and not sequence errors. Once confirmed each 
putative causal variant can then be tested for an association with the variance in litter 
size and prenatal survival levels observed between pig breeds. 
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Chapter Six 
6. TESTING CANDIDATE CASUAL SEQUENCE VARIANTS IN SPPI 
GENE 
6.1. Introduction 
Several sequence differences were identified between Meishan and Large White 
copies of the positional and physiological candidate gene, SPPJ (chapter 5). Before 
considering whether these sequence differences are associated with variation in 
prenatal survival levels and litter size, it was necessary to confirm that the sequence 
differences were genuine polymorphisms rather than sequence errors or artefacts. 
The variants that were investigated were the six exonic SNPs, including three that 
result in changes in the predicted amino acid sequence and the presence or absence 
of a SINE in intron six. None of the sequence variants occurred within recognised 
regulatory sequence motifs in the promoter or elsewhere in the gene. 
A large data set of litter size records over several parities for around 4000 sows was 
available from the Pig Improvement Company (PlC). The advantage of these data is 
that there has been more opportunities to accumulate useful recombination events 
within these breeding populations than within the three generation experimental 
cross and this gives a much greater resolution to detect an association between 
specific marker alleles and performance (see Figure 1-1). If an allele at a specific 
locus was found to contribute to a difference in litter size within a commercial 
population, then it would be possible to utilise this information within a marker-
assisted selective (MAS) breeding program. 
A large number of animals need to be genotyped for the single bialleic SNP of 
interest, in order to carry out an association analysis with sufficient statistical power 
to detect a correlation between phenotype and genotype at a single locus. There are 
many techniques for SNP typing, the system I used involved microarray 
hybridisation chips. 
212 
SNPs are the major contributors to genetic variation and account for around 80 % of 
all known polymorphisms in the human genome. They are of particular interest as 
some of those located within genes will directly influence protein structure or gene 
expression levels, therefore allowing a much clearer understanding of complex traits 
such as disease resistance (Sayers et al., 2000). Studies of SNPs are also important 
in the upcoming field of pharmacogenomics (tailored genetic medicine). Fahrenkrug 
et al. (2002) have recently reported the first large-scale assessment of SNP frequency 
and distribution in the porcine genome. 
The aim of this chapter was to first confirm all seven variants in genomic DNA from 
several pigs within the Meishan x Large White Roslin pedigree cross (outlined in 
section 2.2.1.); and secondly to investigate whether variation at any of these loci 
contributes to the differences in prenatal survival and subsequent litter size between 
the Large White and Meishan breeds. Finally an association analysis was used to test 
for a correlation between the marker genotypes and their litter in several thousand 
sows, from commercial breed lines. This was done to investigate whether the alleles 
associated with a difference in litter size at the QTL, detected in the experimental 
crosses, were segregating within commercial populations. 
The SNP of most interest was SNP7.2 in exon 7, which encodes the amino acid 
proline from the Large White copy of the sequence and the amino acid serine from 
the Meishan copy of the sequence. The main control of SPP1 expression is by post-
translational modification, in particular phosphorylation, and this serine residue lies 
within a casein kinase II phosphorylation site, whereas the proline disrupts this site. 
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62. Materials and methods 
(Protocols for all solutions mentioned are detailed in appendix I) 
6.2.1. Confirmation of sequence variants in genomic DNA 
The sequence variants identified between copies of the SPPJ gene from Meishan and 
Large White origin, were tested on genomic DNA samples from individuals in the 
Roslin Large White x Meishan pedigrees (see section 2.2. 1) and on DNA from the 
Large White x Meishan Fl boar used to sequence SPPJ and his parents. By typing 
the pure bred founders the distribution of alleles in these individuals could be 
assessed and the sequence variants confirmed to be genuine by following their 
segregation within families. 
Initially the three SNPs, which encoded non-synonymous amino acid changes and 
the presence or absence of the SINE were tested. Figure 6-1 shows the location of all 
six exonic SNPs and the SINE within SPPI for the two sequences (exons 1, 2, 3, 4 
and 5 contained no variants in the sequence between the two breeds). 
Sequence of Large White origin: 
SINE 
L.. 	 1 
SNP: 6.1 	6.2 	6.3 6.4 	 7.1 	7.2 
Sequence of Meishan origin: 
Intron VI 
SNP: 6.1 	6.2 6.3 6.4 	 7.1 	7.2 
SNPs that encode a non-synonymous amino acid change: 
SNP6.1 - (Large White origin) CT = Alanine, (Meishan origin) CT = Threonine 
SNP6.4 - (Large White origin) G 	= Valine, (Meishan origin) G 	= Alanine 
SNP7.2 - (Large White origin) CC = Proline, (Meishan origin) CC = Serine 
Figure 6-1 The identity of the six SNPs found within the exons of SPP1 and 
the position of the SINE for sequences of Large White and Meishan origin. 
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The methods used to type each of the variants were different and are described in 
section 6.3. Briefly, the presence or absence of the SINE was tested as a PCR length 
variant using agarose gel electrophoresis for all 342 animals across the three 
generations of the QTL pedigrees. SNP 6.1 (encoding alamne or threomne) was 
typed as a restriction fragment length polymorphism (PCR-RFLP) also over all three 
generations of the crosses. SNP 7.2 (encoding serine or proline) was typed by 
Zhihua Jiang (University of Guelph) for the QTL analysis (Chapter 2), as the 
BI-PASA marker "SPPJ-5". Finally, SNP 6.4 (encoding valine or alanine) was 
typed over the eight Fo purebred individuals for the QTLI population only, by 
sequencing across the SNP using an ABI 3100 sequencer. 
6.2.1.1. DNA Sequencing (ABI 3100 sequencer) 
The methodology for the 3100 Genetic Analyser is similar to the 373 (section 5.2.5) 
and the differences in the technique are outlined. The ABI PRISM ® BigDye 
TM 
terminator v3.0 cycle sequencing ready reaction kit (Applied Biosystems, 
Warrington, UK) was used for sequencing sample preparation. 
Sequencing reactions were carried out to a total volume of 10 jtl; 4 jtl ready reaction 
mix was added to 1 jil of DNA and 1.6 pmol of primer. The following program was 
used for primer extension and dye termination; 25 cycles of a rapid thermal ramp 
(1° C/sec) to 96° C, 96° C for 10 sec, a rapid thermal ramp to 50° C, 50° C for 5 sec, 
a rapid thermal ramp to 60° C, and then 600  C for 4 mins followed by a final rapid 
thermal ramp to 18° C. The samples were stored at 4° C prior to precipitation. A 
PTC-225 DNA engine tetrad (MJ Research, Inc, Braintree, UK) was used for the 
primer extension reaction. 
62.1.1.1 Ethanol/Sodium Acetate precipitation 
A 40 jil mix was added to each sample, consisting of 1.5 p1 sodium acetate (NaOAc), 
31.25 .tl of 95 % ethanol (EtOH) and 7.25 jil double distilled water. The 96-well 
skirted plate (ABgene, Epsom, UK) was sealed and mixed by inverting a few times. 
The plate was then incubated at room temperature for a minimum of 1 hour in the 
dark; this allowed the precipitation of the extension products. It was then spun in a 
5804 bench-top centrifuge with a plate adapter (A-2-MTP) (Eppendorf AG, 
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Hamburg, Germany) at 3000-x g for 30 minutes. The supernatant from each well 
was then discarded by inverting the plate onto a paper towel. 
The pellets were then rinsed by adding 75 i1 of 70 % ethanol to each well and the 
plates mixed by inversion and spun at 3000-x g for 10 minutes. This wash was then 
discarded by inverting the plate onto a paper towel and the inverted plate, with the 
towel under it, spun at 50-x g for 1 minute. Unlike the precipitation method of the 
373 sequencing, air-drying of the pellet was not required, and the sample in each 
well was immediately re-suspended and denatured in 10 tl Hi-Di formamide. The 
re-suspended samples were then transferred to an ABI 96-well plate and the plate 
loaded onto the 3100 Genetic Analyser. In contrast to slab-gel electrophoresis used 
with the 373, the 3100 Genetic Analyser uses capillary electrophoresis. Instead of a 
solid gel, a linear flowable polymer called 3100 POP-6 polymer is pumped through 
capillaries and the negatively charged DNA samples are loaded into the 16 
capillaries by electrokinetic injection. 
6.2.2. Allele association analysis for candidate causal SNPs 
It is possible to utilise microarray technology to genotype individual SNPs or bialleic 
markers over many hundreds of animals. These genotypes can then be combined 
with the phenotypic records for each animal and an allele association analysis carried 
out to determine whether variation at the SNP is correlated with improved 
performance in the trait, in this case litter size. 
6.2.2.1. Sows available with phenotypic records 
In order to investigate the SNPs of interest within SPP1, DNA samples from 4017 
sows from commercial breeding populations were obtained from the Pig 
Improvement Company (PlC). This study allows an independent investigation of the 
putative causal variants identified within the SPP1 gene, to see whether the 
association between the region on SSC8 around this gene and litter size seen in the 
structured Meishan x Large White crosses, is also present in commercial pig 
populations. Records of the number of piglets born alive were available for these 
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sows over several parities. All 4017 sows had a first parity record and progressively 
smaller subsets of animals had records for the second, third, fourth and fifth parities. 
The animals were from six different breed origins (Table 6-1). 
Table 6-1 The breed origin of each line and the number of animals in each 
line group 
Line identity Breed origin Number of animals in line 
Line C Landrace 1089 
Line D Large White 1046 
Line E Duroc 544 
Line F Duroc 335 
Line G Mixed synthetic selected for high 464 
lean and growth rate 
Line H Synthetic 50 % Large White 50 % 539 
Meishan  
6.2.2.2. SNP genotyping using DNA microarray technology 
Target DNA from all 4017 sows is arrayed on the slide and probed with two 
oligonucleotides, each containing the alternative allele at the SNP. The 
oligonucleotide probes are labelled with either a cy3 (green) or a cy5 (red) 
fluorophore label. Therefore the target DNA of homozygous individuals will 
fluoresce with a signal, which is visualised as either green or red and the target DNA 
of heterozygous individuals will fluoresce with a composite signal, which appears 
orange. 
6.2.2.2.1 Preparation of target DNA on microarray slides 
The 4017 DNA samples were aliquoted into thermo-Fast® 384 well PCR plates 
(ABgene, Epsom, UK) by individuals from the Pig Improvement Company (PlC). 
They added 2 p1 of the DNA samples of varying concentrations to the appropriate 
wells on the plates and then dried down the samples at 37° C for two hours and 
stored the plates at -20° C. In addition at least one of the wells on every plate was 
left empty, to act as a negative control. 
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Primers were designed that flanked the SNP of interest and would give a relatively 
short amplicon of less than 100 bp, to allow efficient binding to the microarray slide, 
and reduce non-specific background hybridisation from the detection 
oligonucleotides. Target DNA fragments were amplified in 6 tl reactions. The 
standard reaction mix included 3 pmol of each primer (MWG Biotech, Germany), 
2.0 mM of each of dATP, dUTP, dGTP and dCTP (Applied Biosystems, Warrington, 
UK), 2.5 MM MgCl2 in lx PCR buffer (Applied Biosystems, Warrington, UK), 
0.5 .tg creosol red indicator dye (Aldrich Chemical Company, WI, USA), 0.05 U 
Uracil DNA glycosylase and 0.25 U AmpliTaq gold (Applied Biosystems, 
Warrington, UK). Uracil DNA glycosylase (UDG) was added to the PCR mix to 
eliminate any contamination by terminating amplification from any non-specific 
template in the reaction mix. This enzyme is activated during the first PCR cycle at 
50° C and is then inactivated during the denaturation step at 94° C. The GeneAmp ® 
PCR system 9700 (Perkin ElmerTM, Foster City, CA, USA) was used with a 
touchdown PCR program for target DNA amplification: 
Activation of UDG: 50° C 2 mm 
Denaturation cycle: 94° C 12 mm 
12x cycles: 94° C 30 sec 
65° C 30 sec*  Decrease 1° C per cycle to 53° C 
72° C 30 sec 
23x cycles: 94° C 30 sec 
52° C 30 sec 
72° C 30 sec 
Extension: 	72'C 7 mm 
2 j.tl of 4x salt buffer was added to each 6 pl PCR product to create a spotting 
solution. Due to the high salt content and alkaline pH of the spotting solution, when 
it is added to the PCR mix it turns the creosol red purple. This colour change was 
used as an indicator to ensure spotting buffer had been added to every well of the 
PCR plate. The PCR plates were then spun at 1000 x g for 30 seconds (4236A 
centrifuge (CamLab)). The MicroGrid II (compact) robot (BioRobotics, Cambridge, 
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UK) was used to prepare the microarray slides. The PCR products for each DNA 
sample were spotted in triplicate onto poly-lysine slides (BDH, Poole, UK), using 
either a 16 pin or 48 pin tool, depending on the number of samples to be added to the 
slide. This poly-lysine coating is positively charged and therefore binds the 
negatively charged DNA molecules. The pin tools were always cleaned by 
sonication prior to use. The spot size used was 160 j.Lm and the size and number of 
arrays on the slide was calculated from the number of DNA samples to be spotted. 
The region around the array grid was marked on the glass slide to allow the 
positioning of the cover slip, once the salt from the spotting solution had been 
removed during the denaturing step. The slides were then baked at 80° C for 2 hours 
on a hotplate (model 1201, Jenway, Dunmow, Essex, UK) to immobilise the DNA 
samples to the glass slide. 
The array pattern for the slides printed was then combined with a .CSV file 
containing the identity of each sample and its location on each PCR plate, to produce 
a .gal file containing the identity of the DNA samples at every location on the arrays. 
6.2.2.2.2 Denaturation of arrays and hybridisation of DNA 
probes 
Prior to hybridisation with DNA probes, the arrays were denatured for 1 minute in 
boiling water and then rinsed in 100 % ethanol, to separate double stranded PCR 
amplicons into single stranded DNA. The slides were then immediately spun dry at 
1000 x g for 1 minute (4236A centrifuge (CamLab)) to prevent dust accumulating on 
the wet slides. All slides were stored in an airtight box to keep them clean. 
For each SNP being tested, individual slides were hybridised with the two 
fluorescent probes representing the two alternative alleles. These fluorophores are 
bleached if exposed to light and were therefore stored in the dark at all times. 
A 60 jil hybridisation mix consisted of 3 pmol of each fluorescent probe (MWG 
Biotech AG, Ebersberg, Germany), 31.2 .tg salmon testes DNA (Sigma-Aldrich 
Company Ltd, Dorset, UK), 15 il of 20x SSC and 3 Ltl of 10 % SDS (diluted from 20 
% (w/v) sodium dodecyl sulfate). The salmon testes DNA acts as a DNA blocker 
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and prevents the probes binding to non-specific sites. 58 p.1 of the hybridisation mix 
was placed onto the inner edge of the array region ensuring that no bubbles were 
formed and a coverslip (24 x 64mm BDH covergiass (thickness no. 1)) carefully 
added. 
40 Ltl of 5x SSC was added to both wells of a hybridisation chamber and the slide 
placed into the chamber and hybridised in a water bath at 34° C for 30 minutes. The 
slides were then washed for 5 minutes in each of 5x SSC with 0.05 % SDS, 5x SSC 
and 3x SSC. The slides were rinsed in distilled water and spun for 1 minute at 
1000 x g (4263A centrifuge (Camlab)). 
6.2.2.2.3 Analysis of microarrays and genotype identification 
Each microarray slide was scanned using a ScanArray®  4000 MicroArray analysis 
system scanner (GSI lumonics) and visualised with the compatible ScanArray 
program at the cy5 wavelength of 635 nm and the cy3 wavelength of 532 nm. Using 
100 % laser power and a photo-multiplier tube (PMT) gain of between 80 and 90, the 
intensity of the image for each fluorophore was optimised without enhancing the 
background noise. The slides were scanned at a resolution of 10 p.M and separate 
cy5 and cy3 images produced. 
Using the program GenePix 3.0, the cy3 and cy5 image files were combined with the 
"gal" file containing the location and identity of the DNA samples within each array. 
The grid of DNA sample locations was aligned with the appropriate spots on the 
array. For the image analysis only the inner area of each spot was considered, in 
order to include only the regions of most intense colour and to minimise the 
background. Only the colour of the spot i.e. green, orange or red is of interest for 
genotyping, not the intensity of the whole spot as for studies of levels of gene 
expression. Any samples that had failed were highlighted. 
The intensity of fluorescence for both the cy3 and cy5 signals for each spot on the 
slide was exported from GenePix and analysed within Microsoft Excel. Initially a 
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scatter plot was produced of the mean intensity of the cy5 (F635) and the cy3 (F532) 
signals over each spot, in order to ensure that three clear regions were seen on the 
graph corresponding to the three genotype classes. Each sample was spotted on the 
slide in triplicate, therefore the mean of the average intensity of the cy5 and cy3 
signals (17635 and F532) was calculated for the three replicates of each DNA sample. 
The intensity of the signals for the negative controls or the samples that had failed 
represents the background noise on the slide and was used to determine a threshold 
value, above which the hybridisation of the DNA samples was considered to have 
been successful. A table was produced of the mean cy5 and cy3 intensity for every 
animal that had been successfully genotyped. 
The logjo ratio and the sum of the two mean intensities were calculated and plotted as 
a scatter graph. The three genotypic classes were detected as the distinct clusters of 
spots of varying intensity of cy3 and cy5 fluoresence. The range of logio ratio 
values for each genotype class was then used to classify each individual and to 
exclude any data points that displayed intensities lower than the background 
threshold. 
6.2.2.3. Allele association analysis 
6.2.2.3.1 One-way ANOVA 
Initially a one-way analysis of variance (ANOVA) was carried out using MinitabTM 
statistical software (release 13.32) to determine whether there was a significant effect 
of a sow's genotype at the individual SNP typed, on the number of live piglets she 
farrowed. The null hypothesis was that the mean number of piglets born alive is not 
significantly different for sows of varying genotype at the putative causal SNP. The 
analysis was carried out within single parity records for each sow. 
The level of statistical significance (P value) was then determined by looking up the 
critical value of the F statistic variance ratio for a one-tailed test at the appropriate 
degrees of freedom. If the null hypothesis is true, then the two estimates of variance 
(mean square) will be similar and the F value will be around 1. Where the P value is 
less then 5 % (0.05) the null hypothesis can be rejected and it can be said that there is 
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a significant difference in number of live piglets between genotype classes. The 
95 % confidence interval for the mean number of live piglets within each genotype 
class was then calculated as SEM (standard error of the mean) x 1.96, where SEM = 
pooled SD /-J (SD = standard deviation across genotype classes and n = number of 
sows). 
6.2.2.3.2 REML analysis 
A REML (Residual Maximum Likelihood Estimation) analysis was carried out for 
sows at each parity level using GenStat®  for Windows, sixth edition. A linear mixed 
model of REML was used as this not only tests for an association between sow 
genotype and litter size, but also accounts for the major factors affecting litter size. 
These include the fixed effects of farm background, breed origin, number of mating 
services of the sow and genotype. The identity of the sire of each sow was included 
as a random effect. 
As the six breed groups were reared on two different farms the farm identity was 
included as a fixed effect, to account for environmental noise, such as differences in 
management and nutrition. Table 6-2 shows the number of sows having their first 
parity litter (n= 2940) within each of six breed groups that were raised on each of the 
two farms. There were a total of 511 sires of the sows, and no one sire was used on 
both farms. The breed origin refers to the six line groups. The number of services 
by the boar ranged from one to six, with the majority of sows only mated once; it is 
unlikely that this parameter will have a large influence on litter size however all 
possible influential variables should be included in the analysis. The identity of the 
sire of the sows was included to account for some of the genetic variation in litter 
size and some of the pedigree relationships between sows. 
Table 6-2 Number of sows (first parity) in each of the six breed groups raised 
on the two farms (A and B). Line C = Landrace, D = Large White, E = Duroc, 
F = Duroc, G = mixed synthetic, H = 50 % Meishan. 
Farm 
Breed line 
C D E F G H 
A 470 463 250 0 0 338 
B 432 416 0 249 322 0 
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6.3. Results 
6.3.1. Confirmation and testing of candidate sequence variants 
within Roslin Large White x Meishan pedigree cross 
6.3.1.1. SINE repeat element 
A region of 1.0-1.3 kb, encompassing the 3' end of exon 6, intron 6 and the 5' end of 
exon 7, was amplified using the primer pair described by Knoll et al. (1999). 
Fragments of different lengths were amplified depending on whether the individual 
animal possessed the 330 bp SINE within intron 6 of the SPPJ gene, and this 
difference in size was detected by agarose gel electrophoresis. All 342 animals from 
the three Meishan x Large White cross populations were tested in duplicate. The Fl 
heterozygous boar used to create the BAC library and his purebred Large White and 
Meishan parents were also typed. The DNA from the Fi boar acts as a positive 
control, as the copy of SPP1 from Meishan and Large White origin was sequenced 
from the BAC library (see section 5.3. 1) and therefore SNPs typed over this DNA 
sample should always be heterozygous. 
A 25 Ltl  reaction mix was made for each genomic DNA sample. This PCR mix 
consisted of 7 pmol of each primer (MWG Biotech AG, Ebersberg, Germany), 
2.0 MM  MgCl2 in lx PCR buffer (Roche Diagnostics, Mannheim, Germany), 
2.0 mM of dTTP, dCTP, dGTP and dATP (Amersham Pharmacia Biotech mc, Little 
Chalfont, UK), 0.5 U Taq DNA polymerase (Roche Diagnostics, Mannheim, 
Germany) and 50 ng of genomic DNA. 
A PTC-225 DNA engine tetrad (MJ Research) was used with a hot start PCR 
program. After an initial 95° C denaturation step for 2 minutes, the anneal phase 
consisted of 29 cycles of 95° C for 45 seconds, 65° C for 1 mm and 72° C for 2 
minutes and finally an extension cycle of 72° C for 7 minutes. 
The PCR products were then separated through a 2.5 % Ultra pure DNA grade 
agarose gel (Bio-Rad laboratories, Hercules, CA, California) in lx TBE buffer, 
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stained with 160 ig ethidium bromide and run alongside a 1 kb plus DNA ladder 
(Invitrogen Life Technologies). For those individuals possessing a copy of the gene 
with the SINE element, the DNA fragment amplified was around 1.3 kb in size and 
for those with a copy of the gene without the SINE a fragment of around 1.0 kb was 
amplified. Bands of both sizes were seen for heterozygous individuals. Figure 6-2 
shows an example gel separation for the Fo purebred individuals from the three QTL 
populations. Also shown is the heterozygous boar used to sequence the SPPI gene 
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Figure 6-2 Genotyping of Meishan (M) and Large White (L) Fo purebred 
animals from the three Roslin QTL populations, the Fl boar used to 
sequence the SPPI gene and his Meishan sire and Large White dam for the 
identification of the presence or absence of the SINE in intron 6. (m= 1 kb 
plus DNA ladder size standard). 
All the purebred Meishan individuals are homozygous for the absence of the SINE 
repeat. The PCR for two of the DNA samples had been unsuccessful, however the 
repeat assay showed that both individuals were also homozygous negative. The 
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allele for the presence of the SINE element was segregating within the Large White 
individuals; some individuals were homozygous for the repeat element, some were 
heterozygous and others homozygous negative. In agreement with the SPPI gene 
sequence data, the F I individual used to create the BAC library was shown to be 
heterozygous, with the allele containing the SINE element having been inherited 
from his Large White dam, who was also shown to be a heterozygote. 
6.3.1.2. SNP encoding alanine or threonine (SNP6. 1) 
The base change from guanine to adenine present in exon 6 that encodes an amino 
acid change from alanine to threonine (see base position 8449 appendix II and 
residue 110 on Figure 5-13) was typed with a PCR-RFLP (restriction fragment 
length polymorphism) assay. Webcutter version 2.0 (Maarek et al., 1997) 
(htlp://www.firstmarket.com/cutter/cut2.html)  was used to identify restriction 
endonuclease sites, that would allow detection of variation at the SNP locus. For 
example, the allele containing base G would be cut with the enzyme MwoI and the 
allele containing the base A would not (Figure 6-3). 
LW: 	GACTCCGAGGAAGCTGATCAC CTGACGACGCTGACCGATCCG 
Recognition site(MwoI): 
MS: 	GACTCCGAGGAAGCTGATCAC CTGACGACGCTGACCGATCCG 
Figure 6-3 Mwol restriction site. The allele with base G at the SNP will be 
digested and the allele with base A at the SNP will not. (Only single stranded 
DNA is shown, however the reverse sequence will also be digested). 
One of the primer pairs (SPPI5aF and SPPE6R) used for sequencing, flank this 
restriction site and yield a product of 515 bp (for primer sequences see Table 5-3). 
However a second MwoI restriction site was discovered to lie around 50 bp 
downstream of the forward primer. Therefore a new forward primer was designed 
around 70 bp downstream of this site, 5'-TTAGACCCTGCCAAGCAAGT-3' 
(SPPE6Fb). The resulting product was 391 bp and where MwoI cut the fragments 
produced were 121 bp and 27obp. 
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All 342 animals from the three Meishan x Large White populations were tested in 
duplicate. A 20 lii reaction mix was made for each genomic DNA sample. This 
PCR mix consisted of 5 pmol of each primer (MWG Biotech AG, Ebersberg, 
Germany), 1.5 MM  MgC12 in lx PCR buffer (Roche Diagnostics, Mannheim, 
Germany), 2.0 mM of each dTTP, dCTP, dATP and dGTP (Amersham Pharmacia 
Biotech mc, Little Chalfont, UK), 0.5 U Taq DNA polymerase (Roche Diagnostics, 
Mannheim, Germany) and 50 ng of genomic DNA. 
A PTC-225 DNA engine tetrad (Mi Research) was used. After an initial 95° C 
denaturation step for 5 minutes, the anneal phase consisted of 35 cycles of 95° C for 
45 seconds, 58° C for I min and 72° C for 2 minutes and finally an extension cycle 
of 72° C for 7 minutes. A few random 2 tl samples of the PCR products from each 
PCR plate were then separated through a 100 ml 2.5 % Ultra pure DNA grade 
agarose gel in lx TBE buffer, stained with 40 jig ethidium bromide and run 
alongside a 100 bp DNA ladder (Invitrogen Life Technologies), in order to confirm 
that the PCR had been successful and that PCR products of the correct size (391 bp) 
had been amplified, before carrying out the restriction digest. 
The PCR products (10 j.il) were digested with 10 p1 of 2.5 U of MwoI and 2x Buffer 
(New England Biolabs) at 60° C for 16 hours. In order to ensure thorough mixing of 
the enzyme, the PCR plates were spun at 880 x g for 1 minute on a 5804 bench-top 
centrifuge with a plate adaptor (A-2-MTP) (Eppendorf). The resulting restriction 
fragments (20 p1) were run with a 100 bp DNA ladder (Invitrogen Life 
Technologies) on a 2.5 % Ultra pure DNA grade agarose gel stained with 160 j.tg 
ethidium bromide. Figure 6-4 shows examples of the gel separation for the Fo 
purebred individuals from the three QTL populations. Also shown is the Fi 
heterozygous boar used to sequence the SPPI gene and his parents. All purebred 
Large White individuals were homozygous for the base G at SNP6.1, encoding 
alanine. However this SNP is segregating within the Meishan breed and all three 
genotypes AA, AG and GG were observed. In agreement with the SPPI gene 
sequence data, the F1 individual used to create the BAC library was shown to be 
heterozygous, and his parents homozygous for alternative alleles. 
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Figure 6-4 PCR-RFLP assays of SNP6.1 from Fo DNA samples from three OIL populations alongside a 100 bp DNA ladder size 
standard. MS = Meishan pure-bred individual, LW = Large White pure-bred individual. The allele with base G at the SNP is digested 
to yield 121 bp and 270 bp fragments and the allele with base A at the SNP remains as an undigested 391bp PCR product. 
(A - QTLI, B- QIL2.1, C- 01L2.2, D- QIL2.2 ctd, Fl boar used to sequence the SPPI gene and his parents and negative control). 
6.3.1.3. SNPs encoding va/me or alanine (SNP6.4) 
The second variant of interest in exon 6 includes two adjacent SNPs, with base 
changes from TC to CG, and causes a change from valine to alanine (see appendix II 
base position 8597-8598 and residue 159, Figure 5-13). As with SNP6.1, potential 
RFLP sites were investigated. Unfortunately no suitable restriction sites were found. 
The valine to alanine is a conserved change, as both amino acids have non-polar side 
chains, alanine has one methyl group and valine has three. It seems unlikely that this 
sequence variant would affect differences in litter size and prenatal survival traits. 
However it was still necessary to confirm the changes observed from the BAC 
sequencing in genomic DNA, in order to be certain that the sequence variation was 
genuine. Therefore the region around this variant was sequenced across the eight 
QTLI Fo purebred individuals from both breeds, the Fi boar used to create the BAC 
library and his purebred Large White and Meishan parents. 
Primers were designed that flanked the two base pair variant of interest in order to 
PCR this region from genomic DNA. Forward and reverse internal primers were 
then used to sequence across the variant. Figure 6-5 shows the design of this 
experiment. The primers were designed from sequence for which there was no 
evidence of sequence variation between the two breeds. 
114 bp 	 156 bp 
LW: 	0' 	G 	0 	G 	C 	 GC 	4 	4 
- 
MS: 	 A 	 A 	A 	 IT 
459 bp 
Figure 6-5 Forward and reverse primers (shown as blue arrows) were used 
to amplify 459 bp PCR product around the two SNPs in exon 6 (shown in 
red). Other SNPs in the region are shown in black. Internal primers (shown 
in green) were used to sequence in a forward and reverse direction across 
the SNPs. 
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The expand high fidelity PCR system, which includes a proofreading polymerase, 
was used with the forward (5'-GAGCAAACAGACGATGTGGA-3') and reverse 
(5'-TGGAAAAACTGCCTCGTGAT-3') primers to amplify the 459 bp region. This 
system allows efficient amplification of DNA fragments up to 5 kb from genomic 
DNA. Due to the 3'-5' exonuclease proofreading activity of the enzyme, this system 
results in a 3-fold increased fidelity of DNA synthesis (8.5 x 106  error rate) 
compared to Taq DNA polymerase (2.6 x 10-5 error rate). This proofreading 
capability therefore reduces the chance that mis-match bases will be introduced 
during the PCR. 
When the whole of SPP] was sequenced (chapter 5) a proofreading enzyme was not 
required as several PCR products were combined from different PCR reactions. The 
chance of sequence error in a single PCR reaction is actually reasonably low, in 
particular because any misincorporation errors tend to promote chain termination and 
the amplification of defective molecules is restricted (Innes and Gelfand, 1990). 
However, for the confirmation of any putative sequence variants in this single PCR 
reaction, the use of this enzyme was desirable simply to further reduce the chance of 
error. 
For the PCR reaction two 10 j.tl master mixes were made containing sufficient 
reagents for all 11 DNA samples. The first consisted of 3 pmol of each primer 
(MWG Biotech AG, Ebersberg, Germany), 2.0 mM of each dNTP (Amersham 
Pharmacia Biotech i, Little Chalfont, UK), and 50 ng of genomic DNA (added 
separately to PCR plate). The second consisted of 1.5 MM  MgCl2 in lx Expand HF 
buffer and 2.6 U Expand HF PCR system enzyme mix (Roche Diagnostics, 
Mannheim, Germany). 
The reagents from the two master mixes were added together just prior to the PCR, 
therefore avoiding the need for a hot start and also preventing the interaction of the 
enzyme mix with primers or template in the absence of dNTPs. This could lead to 
partial degradation of the primer and template through the 3'-5' exonuclease activity 
of the proofreading enzyme. 96-well skirted PCR plates were used (ABgene). 
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The PCR was carried out on a PTC-225 DNA engine tetrad (Mi Research). After an 
initial 94° C denaturation step for 2 minutes, the anneal phase consisted of 30 cycles 
of 94° C for 15 seconds, 600  C for 30 seconds and 72° C for 45 seconds and finally 
an extension cycle of 72° C for 7 minutes. 
The PCR products (20 il) were then run with a 100 bp DNA ladder (Invitrogen Life 
Technologies) on a I % Ultra pure DNA grade agarose gel stained with 40 jig 
ethidium bromide, to confirm that sufficient 459 bp product had been amplified for 
each DNA sample (Figure 6-6). Insufficient PCR product for DNA sample 8 was 
produced and the PCR and gel purification were repeated, using freshly diluted DNA 
from the stocks. The repeat is shown alongside the other samples. 
Figure 6-6 Amplification of 459 bp fragment around SNP6.4. DNA samples 
1-4 were Large White purebred individuals and samples 5-8 were Meishan. 
Sample 8 was repeated using freshly diluted DNA from a concentrated stock 
sample and the repeat is shown as 8*.  Fi = heterozygous boar used to 
sequence the SPPI gene, MS and LW = Meishan and Large White parents 
of Fi boar. 
The PCR products were then gel purified and the resulting concentration of eluted 
DNA determined. Figure 6-7 shows the estimated concentration of each of the DNA 
samples. For sequencing using the 3100 Genetic Analyser 3-10 ng of purified PCR 
product (200-500 bp) was required and it can be seen that all of the purified DNA 
have a concentration of around 5-10 ngjir'. Therefore 1 jil of each DNA sample was 
included in the sequencing reaction, with each of the internal sequencing primers. 
The eleven DNA samples were sequenced in the forward and reverse direction using 
the ABI 3100 Genetic Analyser. The forward primer sequence was 5'- 
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ACTCCGATGAATCCGATGAG-3' 	and 	the 	reverse 	was 	5'- 
CAAGTAGTCATGCTGGCTGAA-3'. 
The sequence traces were viewed using Chromas (available from Technelysium Pty 
Ltd, http://www.technelvsium.com.awchromas.html ) and the overall quality of 
sequence was seen to be high. All of the Large White individuals were homozygous 
for the TC allele, one Meishan individual was clearly heterozygous and another 
appeared to be heterozygous, although the intensity of amplification of one of the 
alleles was much lower than the other. Another Meishan was homozygous for the 
CG allele and one was homozygous for the TC allele. Example sequence traces for 
each genotype class are shown in Figure 6-8. The pattern of allele distribution for 
each of the eight QTL 1 animals was found to be identical for SNP6. I and SNP6.4, 
demonstrating that these two loci are in linkage disequilibrium in these purebred 
individuals. In agreement with the SPPI gene sequence data, the F] individual used 
to create the BAC library was shown to be heterozygous and his parents homozygous 
for alternative alleles. 
Figure 6-7 Determination of gel purified DNA concentration. DNA samples 
1-4 were Large White individuals and samples 5-8 were Meishan. Sample 8 
was repeated using freshly diluted DNA from a concentrated stock sample 
and the repeat is shown as 8*.  Fl = heterozygous boar used to sequence the 
SPPI gene, MS and LW = Meishan and Large White parents of Fi boar. 
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Homozygous for Large White allele (TC): 
1.2S 	 J3ø 
C CCC f I a C 	C C cH C 	A • C GA C I C AC C 
Homozygous for Meishan allele (CG): 
42 	 Ae30 
CC CC A 	A C 	C 	C G 1 C C 	o 	CC A ( 	C AG C 
Heterozygous (CIT G/C): 
60 	 70 	 80 
C C C C a 	AG 	C 	C C 	 A I C C AC 	 C (I C C 
Figure 6-8 Example ABI sequence traces from Chromas of a homozygous 
individual for the TC allele of Large White origin, a homozygous individual for 
the CG allele of Meishan origin and a heterozygous animal for SNP6.4. 
6.3.1.4. SNP encoding pro/me or serine (SNP7.2) 
The third SNP encoding a non-synonymous amino acid change is in exon 7 (base 
position 9919 to 9921 appendix II and residue 262 (Figure 5-13). Sequence traces 
from the Gap4 output of the BAC DNA sequencing illustrate this SNP (Figure 6-9). 
Base C at the SNP in the Large White copy of SPPI encodes a proline and base T in 
the Meishan copy of the gene encodes a serine. A Bi-PASA marker "SPPI-5" had 
previously been used by Zhihua Jiang (University of Guelph) to type this locus 
within the three QTL populations and it was found to be fixed for the alternative 
alleles in the two breeds. All of the thirteen FO Large White purebreds were 
homozygous for base C encoding the amino acid proline and all seventeen FO 
Meishan purebreds were homozygous for base T encoding the amino acid serine. 
Therefore this marker is fully informative within the reproductive QTL population. 
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MS 	 260 	 290 	 300 
C C C 
LW 	 280 	 - 	290 	 300 
: i 
Figure 6-9 Sequence traces from Gap4 output, demonstrating SNP7.2 in 
exon 7. The allele from the Meishan (MS) copy of the gene contains base T 
and the allele from the Large White (LW) copy contains base C. 
6.3.1.5. Test of variants for within breed marker associated 
variation at the prenatal survival /litter size QTL 
The bialleic loci for the first SNP in exon 6 (SNP6.I on Figure 6-1) and for the 
presence/absence of the SINE had both been typed over the three QTL populations 
and both were shown not to be fixed in the founder breeds. Therefore, as described 
in section 2.2.6., these gene-associated polymorphisms, which are not fixed for 
alternative alleles in the founder breeds, were used to test for within breed trait 
variation at the SPPI marker. 
SNP6. 1 was shown to be segregating in the Meishan breed and fixed in the Large 
White breed. In contrast, the allele containing the SINE repeat was seen to be 
segregating within the Large White breed and was not present at all in the Meishan 
breed. The genotypes for SNP6. 1 and for the presence/absence of the SINE were 
combined with the data for the 20 markers used in the QTL scan, to construct a 
revised linkage map. This was done in the same way as outlined in section 2.2.4. 
The resulting map was 139 cM in length, compared to the original map of 139.3 cM. 
All the markers were in the same order as the previous map, with all of the four 
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markers within the SPPI gene (SNPex6a, SNPex7, SINE element and the 
microsatellite) mapping to the same position. 
There was seen to be no variation in the prenatal survival and litter size traits 
associated with both of these gene markers over and above any due to the QTL. For 
both of the variants, there was seen to be no significant difference (P <0.01) between 
the full model of the normal QTL scan and the model where the marker genotypes 
for the SINE element and SNP6. 1 were fitted as fixed effects. In agreement with this 
finding, there was no significant variation in the effect of the prenatal survival and 
litter size traits, between the different classes of genotypes. 
6.3.1.6. Use of microarray technology to genotype all 6 exonic 
SNPs 
Out of the six SNPs found within exonic regions of SPPJ, only the three SNPs that 
encoded an amino acid change had been confirmed in genomic DNA (see section 
6.3.1). I decided that it would be worthwhile to use the microarray genotyping 
method to verify all six SNPs found in exons 6 and 7 of SPPI (Figure 6-1). This 
would also allow the reliability of the microarray genotyping method to be tested by 
comparing the genotypes produced with those of the three SNPs that had already 
been typed. DNA from the 91 individuals in the Roslin Large White x Meishan 
QTL1 population (see section 2.2.1) and from the Fl boar used to sequence SPPI 
and his parents were genotyped for all six SNPs. Four primer pairs were used to 
amplify the regions around the SNPs, producing amplicons no larger than 100 bp 
(Table 6-3). 
PCR was carried out for all 94 individuals and two negative control samples 
containing distilled water, for each of the four regions of exons 6 and 7. 1 tl of each 
DNA sample and the controls were arranged into a 384 well plate and the appropriate 
PCR mix added. The program used for PCR was the same as outlined in section 
6.2.2.2.1, except only 21 cycles of the second stage of annealing were used. This 
was because the concentration of the DNA samples was known to be 50 ngiF', 
which was believed to be greater than that of the PlC litter size collection DNA. 
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Table 6-3 Sequences of primers used to amplify four regions around the six 
SNPS in exons 6 and 7 and the size of the resulting amplicons. 
Primer sequences (F=forward, R=reverse) Amplicon size SNPs within the 
amplicon 
F- 5' GACACGGACTCCGAGGAAG 3' 70 bp SNP6.1 
R- 5' CATCGGAGTGATGAGACTCG 3'  
F- 5' CAGCAACCGACGTCACTC 3' 99 bp SNP6.2, 6.3 and 6.4 
R- 5' GGAACTTCTTAGATTTTGACCTCA 3'  
F- 5' AAAGTGAGGAGACGGATGGT 3' 64 bp SNP7. 1 
R- 5' AAGCCACGTGCAGGC 3'  
F- 5' TGATGGGAGCAATGAGCAT 3' 74 bp SNP7.2 
R- 5' GGCTGTGGAATTCTTGGCT 3' 
Microarray slides were printed of the 384 samples in triplicate using the 16-pin 
spotting tool. All slides were denatured to expose single stranded DNA and 
individual slides hybridised with cy3 and cy5 probes for each of the SNPs. The 
sequences of the two probes, for each of the six SNPs, are shown in Table 6-4. 
Table 6-4 Sequences of the cy3 and cy5 probes for each of the two alleles at 
the six SNPs in exons 6 and 7 
SNP SNP allele Cy3 probe (green fluorescence) Cy5 probe (red fluorescence) 
identity (breed 
origin)  
6.1 (LW) 5'TGATCAC CTGACGA 3' 5'TGATCAC CTGACGA 3' 
(MS)  
6.2 (LW) 5'TCCCCAC GGAGACC 3' 5'TCCCCAC GQAGACC 3' 
(MS)  
6.3 (LW) 5'ATGGCC& GGGGATA 3' 5'ATGGCCG GGGGATA 3' 
(MS)  
6.4 (LW) 5'AGTGTGGl TATGGACT 3' 5'AGTGTGG 	TATGGACT 3' 
(MS)  
7.1 (LW) S'CCATCCT GTTGCCC 3' 5'CCATCCT GTTGCCC 3' 
(MS) _______  
7.2 (LW) 5'GGAAAAT CCAAAGT 3' 5'GGAAAAT CCAAAGT 3' 
(MS) 
Due to the relatively small number of DNA samples on the slide, 16 arrays were 
printed and only 20 lal of hybridisation mix was required to cover the arrays. The 
hybridisation mix was placed onto the inner edge of the array region and a smaller 
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coverslip added (22 x 22mm BDH covergiass (thickness no. 1)). Each slide was then 
hybridised at 34° C for 30 minutes. The slides for all 6 SNPs were analysed and the 
genotypes for the 94 individuals determined. 
The genotypes were calculated with a reasonably high level of success. For SNP6. 1 
genotypes were acquired for 91 out of the 95 animals and there was one mismatch 
with the genotypes produced using the PCR-RFLP method (section 6.3.1.2). Also 
the Fl boar was seen to be heterozygous, having inherited an allele from each of his 
respective homozygous parents. For SNP6.2 90 out of the 95 animals were 
successfully genotyped. As this SNP had not previously been typed, the pattern of 
inheritance across all the families in the QTLI population was checked and the 
genotype for one individual did not correspond to alleles that could have been 
inherited from the parents. As expected the Fl boar was heterozygous and both his 
parents were homozygous for alternative alleles. 
For SNP6.3 86 out the 95 animals were successfully genotyped. When the pattern of 
allele inheritance across families were checked, there was seen to be three 
individuals whose alleles at this locus could not have been inherited from their 
parents. The F 1 boar was heterozygous and the Large White parent homozygous for 
one allele, the genotype of the Meishan parent was unknown. For SNP 6.4 73 
animals were successfully genotyped and for the five FO animals with genotypes, the 
typings were the same as seen with the sequencing method (section 6.3.1.3). In 
addition three animals had genotypes that could not have been inherited from their 
parents. The genotypes of the F 1 boar and his parents were not determined. 
The genotyping of SNP7. 1 did not work at all as the intensity of fluorescence of the 
spots was too low. It is possible that the PCR failed when amplifying the region 
around the SNP and would therefore need to be repeated to confirm if the SNP is 
genuine or not. Finally the genotyping of SNP7.2 was less successful, with only 31 
out of the 95 animals typed. Those animals that were typed had the same genotypes 
as when this SNP was typed as a BI-PASA marker for the QTL analysis (section 
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6.3.1.4). Again the F 1 boar was seen to be heterozygous, having inherited alternative 
alleles from the homozygous parents. 
The eight QTL1 Fo Meishan and Large White individuals have now been genotyped 
for nine loci within SPPJ; the microsatellite repeat 5' of exon 1, a SNP within intron 
I (base position 2770 appendix II), the six SNPs in exons 6 and 7 and the SINE in 
intron 6. 
Figure 6-10 shows the genotypes (where known) at each of these loci for the Fo 
animals. There is only one Meishan (88-0433) and one Large White individual (88-
052 1) that are homozygous for one of the alternative alleles at all of the nine loci. 
Interestingly SNP7.2 was the only locus that was seen to be completely fixed for 
alternative alleles in the purebreds of different breed from all three QTL populations. 
The SNP in intron 1 was fixed in the QTLI Fo animals (Figure 6-10), however as 
Figure 5-7 shows two Meishan Fo animals from the QTL 2.1 and 2.2 populations 
were seen to be heterozygous at this locus (all the other Meishans were homozygous 
for allele G) and all the Large White Fo animals from all three QTL populations were 
homozygous for the T allele. 
6.3.2. Genotyping candidate variants in SPPI gene to test for 
association with litter size traits in large independent 
commercial pig populations 
Of the variants identified within SPPJ, SNP7.2 was the most interesting. Not only 
was the locus fixed for alternative alleles within the Meishan and Large White QTL 
pedigree individuals it is also a candidate causal variant. The expression of SPPJ is 
mainly controlled by post-translational phosphorylation and base T at SNP7.2 
encodes a serine, which lies within a casein kinase II recognition site, whereas base 
C encodes a proline and therefore no phosphorylation site (see section 5.4). 
Therefore this SNP was the first to be genotyped across the PlC litter size collection 
of 4017 animals. 
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Microsatellite Intron I SNP SNP6.1 SNP6.2 SNP6.3 SNP6.4 SINE 	SNP7.1 SNP7.2 
Meishan: 	 M 	G 
(88-0153) I 4 	1 G 
G G C TC Absent ? T 
A A A CG Absent  T 
Meishan: 
(88-0433) 
4 G A A A (TG Absent  T 
4 G A A A CG Absent '? T 
Meishan: 	- 
(88-0497) 
3 G G G C TC Absent ? T 
3 G G G C TC Absent ? T 
Meishan: G 
(88-1104) 	IM  4 	G G G C TC Absent ? T A A A CG Absent ? T 
Large White: 	2 	1 
(88-0227) 1 
G G C TC Absent ? C 
G I 	G C TC Absent  C 
Large White: 	I 	 T 	G 	G 	C 	TC 	Present 	? 	C 
(88-0521) 1 T G G C IC Present ? C 
Large White: "2 	 T 
(88-0833) 	 I 
G G ? IC Present  C 
G G ? IC Absent ? I 	C 
Large White: 
(88-0856) 
2 1 G G ? IC Present ? C 
2 T 	7F G G _______ TC Absent ? C 
Figure 6-10 Genotypes at nine loci within SPPI for the eight QTL1 Fo Meishan and Large White animals. 
Alleles highlighted in blue were identified from the Large White copy of the gene and alleles highlighted 
in orange identified from the Meishan copy of the gene. For the polymorphic microsatellite repeat, allele 
"3" was present in both breeds and is therefore highlighted in green. Alleles "1" and "2" were unique to the 
Large White breed and allele "4" was unique to the Meishan breed. A question mark represents an 
unknown genotype. 
The amplicons encompassing SNP7.2 for all 4017 DNA samples were spotted in 
triplicate onto three separate batches of slides. The first set of 768 amplicons were 
spotted with a 16 pin tool creating a grid of 16 arrays and the other two sets of 1820 
and 1429 amplicons were spotted with a 48 pin tool creating grids of 48 arrays. One 
of the slides printed with the smaller grid was hybridised with 20 jil hybridisation 
mix and the 22 mm x 22 mm coverslip added and the two slides with the larger grids 
were hybridised with 60 p1 hybridisation mix and the 24 mm x 64 mm cover slip 
added. 
When the slide with 768 amplicons was analysed, the quality of the results was very 
high. Figure 6-11 shows the arrangement of the triplicate spots within each array. 
The plot of the loglo ratio against the sum of the mean intensity of cy5 (F635) and 
cy3 (F532) signals for each sample, showed a clear separation of the three genotype 
classes and each individual could be classified with confidence (Figure 6-12). There 
were clearly fewer animals of genotype 77' than animals of genotype CC. 
The quality of results for the other two slides was not as high and it was more 
difficult to clearly differentiate the genotypic classes. In addition all three slides 
were seen to have slightly elongated "comet tails" on the spots, where the DNA spot 
has pulled away from the slide during denaturing. Therefore a series of experiments 
were carried with the aim of determining the underlying problem and improving the 
quality of the image. These are described in Appendix III. 
Of the conditions tested, the slides hybridised with fresh aliquots of probes at a 
concentration of 3 jxM were of the highest quality and therefore the data from these 
slides was analysed to ascertain the genotypes of the remaining 3249 animals. The 
spots for several samples were still too faint relative to the background noise and 
were excluded from the analysis. Only those animals for which genotype 
classification had been determined with confidence were included. As a 
consequence only 2940 animals out of the 4017 with phenotypic data were treated as 
successfully genotyped. This number is still sufficiently large to give enough 
statistical power for an allele association analysis. 
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Figure 6-11 The arrangement of the triplicate spots (one set for an individual 
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-1.50 	-1.00 	-0.50 	0.00 	0.50 	1.00 	1.50 	2.00 
LoglO Ratio F6351F532 
Figure 6-12 Cluster analysis of the logio ratio against the sum of the mean 
intensity of cy5 (F635) and cy3 (F532) signals for each DNA sample, used to 
determine the genotype of each individual (•). 
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6.3.3. Allele association analysis for SNP7.2 
6.3.3.1. One-way ANOVA 
The number of piglets born alive (litter size) were recorded on sows for up to five 
parities. A one-way analysis of variance was carried out to investigate whether there 
was a significant difference between the mean number of piglets born alive for sows 
of each of the three genotypes (CC, CT and TI) at SNP 7.2 across the five parities 
(Table 6-5). The genotype frequencies are also shown in Table 6-5. Graphs of the 
mean litter size and the 95 % confidence interval for the three genotype classes, 
within each parity, are shown in Figure 6-13. For animals having their second and 
third parity only, the number of piglets born alive for sows of genotype 77' was 
significantly greater than sows of genotype CC (P <0.05), with the heterozygous 
sows farrowing an intermediate number of piglets. Also as would be predicted, the 
number of live piglets farrowed improved as the number of parities the sow had 
increased (up to parity three). 
Table 6-5 Mean number of piglets born alive over five parities, for sows of 
each genotype class at SNP7.2 (CC, CT and TT) and the frequency of sows 
of each genotype class. (n = number of sows with litter size records at each 
parity level). 
Mean number of piglets born alive for sows in 
each genotype class (frequency of sows of each 
genotype)  
Pooled SD P value 
(2 d.f.) 
CC CT TT 
Parity one 9.79 (0.61) 10.01 (0.31) 10.25 (0.08) 3.22 P0.06 
(n = 2940) 
Parity two (0.61) 10.43 (0.31) (0.08) 3.33 P0.02 
(n=2287) 
Parity three 10.86a (0.60) 10.97 (0.32) 11.77 	(0.08) 3.45 P =0.01 
(n = 1785) 
Parity four 10.82 (0.62) 10.95 (0.30) 11.45 (0.08) 3.57 P =0.27 
(n = 105 1) 
Parity five 10.78 (0.69) 11.36 (0.25) 10.67 (0.06) 3.48 P =031 
(n = 427)  
Values within the same row differ significantly (P < 0.05) 
242 
Parity one sows Parity two sows 	Parity three sows 	Parity four sows 
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Figure 6-13 Mean number of piglets born alive for animals of genotype CC, CT and TT at SNP7.2 (encodes either a proline 
(base C) or a serine (base T)). Data are shown for the same group of sows over five parity records, with progressively less 
animals (n) in each panty group. Error bars represent 95 % confidence interval of mean (SEMx1 .96) based on pooled SD. 
At first inspection it appears as if there is an association between genotype and litter 
size for sows having their second and third parity, where sows with genotype Ti' at 
SNP7.2 farrow almost one piglet more than sows of genotype CC. All sows of 
purebred Meishan origin were homozygous for base T at this SNP and indeed this 
breed is one of the more prolific pig breeds. However the data set for this association 
analysis includes sows of varying breed origin and although the ANOVA appears to 
suggest that animals of genotype TT have higher litter sizes than sows of genotype 
CC, the analysis does not take into account other contributory factors to the 
phenotype. These include breed origin, the genetic background of the sow and 
external environmental factors such as differences in farm management. 
Therefore, the mean litter size for each class of genotype within the six groups of 
sows of different line origin was investigated. Figure 6-14 shows the percentage of 
parity one sows of each of the three genotype classes at SNP7.2 (CC, CT and TT) for 
the six line groups of varying breed origin. Table 6-6 presents the allele frequencies 
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Figure 6-14 Percentage of parity one sows within each of the three genotype 
classes at SNP7.2 (CC, CT and Ti) for the six line groups of varying breed 
origin. 
244 
Table 6-6 Frequencies of the alternate alleles at SNP7.2 for each line and 
the results of a Chi-square test for Hardy-Weinberg equilibrium 
Allele Frequencies Test for Hardy-Weinberg equilibrium 
(P value) 
Line Base C Base T  
C-Landrace 0.69 0.31 No statistical deviation from HWE (P >0.05) 
D-Large White 0.82 0.18 Evidence for disequilibrium (P <0.05) 
E-Duroc 0.95 0.05 No statistical deviation from HWE (P >0.05) 
F-Duroc 0.99 0.01 No statistical deviation from HWE (P >0.05) 
G-Mixed Synthetic 0.72 0.28 No statistical deviation from HWE (P >0.05) 
H-50% Meishan 0.51 0.49 No statistical deviation from HWE (P >0.05) 
None of the Duroc sows had the genotype Ti' and the largest number of sows within 
a line of genotype 77', was for the group of 50 % Meishan origin. Table 6-7 shows 
the mean litter size within lines for sows of each genotype class at SNP7.2 having 
their second and third parity (across lines, animals of genotype CC were shown to 
have significantly lower litter sizes than sows of genotype TT across these two 
parities (Table 6-5)). 
Table 6-7 Mean litter size for sows of varying line origins for each of the 
three genotype classes at SNP7.2 
Genotype of parity two sows Genotype of parity three sows 
Line CC CT TT CC CT TT 
C-Landrace 10.59 10.44 10.89 11.12 10.97 11.58 
D- Large White 11.03 10.02 9.97 11.44 10.16 10.90 
E-Duroc 9.40 8.86 - 10.18 10.80 - 
Duroc 9.28 6.67 - 9.55 7.50 - 
Mixed synthetic 9.24 9.77 9.06 8.91 10.07 8.42 
H-50%Meishan 11.12 12.13 12.32 13.77 12.99 13.33 
The overall trend of sows of genotype Ti' having litter sizes greater than sows of 
genotype CC is not present within each of the line groups. The only visible trend in 
the data in Table 6-7 is that those lines that have the highest percentage of sows of 
genotype Ti' (lines H and C) have larger litters. Therefore if these breeds, which are 
more prolific than the other breeds, have a higher number of sows of genotype TT, 
the results of the ANOVA could be explaining a breed effect on litter size. It is 
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certainly not the case that all sows of genotype 77', whatever their breed origin, have 
higher litter sizes than sows of genotype CC. 
6.3.3.2. REML analysis 
GenStat® for Windows, sixth edition was used to perform the REML (residual 
maximum likelihood estimation) analysis. The data set was unbalanced due to the 
fact that there were no sows in breed groups E or F (Duroc) of genotype 77' at the 
SNP of interest. GenStat is able to take this factor into consideration within the 
analysis. The REML variance components analysis was used to not only test for an 
association between sow genotype and litter size, but also to account for the major 
factors affecting litter size. These included the fixed effects of farm background, 
breed origin, number of mating services of the sow and genotype. The identity of the 
sire of each of the sows was also included as a random effect. In addition, the 
interaction between genotype and breed origin was included in the model. The 
analysis was repeated for sows at each parity level. 
In summary the regression model used was: 
Y = farm + breed + number of services + genotype + sire of sow 
Where Y = number of piglets born alive 
Within REML a Wald test is used to test the statistical significance of each 
coefficient of the predictor variables in the model (e.g. genotype, breed or farm) on 
the number of piglets born alive. One of the assumptions of the analysis is that the 
data i.e. the number of piglets born alive are normally distributed. Within the REML 
analysis, it is possible to look at the distribution of the residuals and see if they 
follow a normal distribution. Across all the parities the distribution of the residuals 
was indeed very close to a straight line. 
Within the Wald test a Z statistic is calculated from the coefficient of each predictor 
variable. This Z value is then squared, yielding a Wald statistic with a chi-square 
distribution and the subsequent P value is then calculated. It is only appropriate to 
use a chi-square distribution with large data sets, such as is the case with this 
experiment. With small data sets the probabilities would be underestimated. The 
results of the Wald tests for sows at each parity level (1-5) are shown in Table 6-8. 
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Table 6-8 Statistical significance of each of the predictor variables in the 
REML model on the number of piglets born alive at each parity level. (n = 
number of sows with litter size and genotype records at the SNP7.2 within 
SPPI). 
Parity one sows (n=2940') 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 3.23 2 P>0.1 (N.S.) 
Line 116.01 5 P<0.001 
Farm 0.03 1 P>0.1 (N.S.) 
Number of services 2.62 5 P >0.1 (N.S.) 
Genotype x Line 15.74 8 P <0.05 
Parity two sows (n=2287) 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 0.69 2 P>0.1 (N.S.) 
Line 64.89 5 P<0.001 
Farm 16.31 1 P<0.001 
Number of services 5.58 4 P>0.1 (N.S.) 
Genotype 	Line 10.82 8 P>0.1 (N.S.) 
Parity three sows (n=1785) 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 1.32 2 P>0.1 (N.S.) 
Line 68.17 5 P<0.001 
Farm 17.39 1 P<0.001 
Number of services 1 	1.07 14 P>0.1 (N.S.) 
Genotype x Line 1 15.76 1 8 P <0.05 
Parity four sows (n= 1051) 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 1.75 2 P>0.1 (N.S.) 
Line 26.47 5 P<0.001 
Farm 53.14 1 P<0.001 
Number of services 1.72 2 P>0.1 (N.S.) 
Genotype x Line 3.70 8 P >0.1 (N.S.) 
Parity five sows (n427) 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 1.39 2 P>0.1 (N.S.) 
Line 32.19 5 P<0.001 
Farm 7.69 1 P<0.01 
Number of services 2.73 1 P <0.1 (N.S.) 
Genotype 	Line 2.33 8 P>0.1 (N.S.) 
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For parity one sows, the line or breed of the sow and the interaction between 
genotype and sow both had a significant effect on the number of piglets born alive. 
To clarify this graphs of the mean number of piglets born alive within each line and 
within each group of sows of each of the three genotype classes, alongside the 


















11.5 	 rT-mT-1T DTT 





CLarg'ne) D(Ldae,. 	 FDuroc) 	GJlxed V 	 m.  
synthetic) 	Meishan) 
Line 
Figure 6-15 Mean number of piglets born within each line (A) and within 
each group of sows of each of the three genotype classes at SNP7.2 (B). Y 
error bars show the average standard error of the differences in the means. 
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The most prolific breed groups were C (Large White) and H (50 % Meishan). There 
is a clear significant difference in litter size between the different breed groups. 
Within breed groups, except group F, there are no significant differences in litter size 
between sows of the three genotype classes. The interaction explains that the effect 
of genotype varies within each of the breed groups. Across the other parities breed 
and farm origin had a significant effect on litter size and the interaction between 
genotype and breed was significant for parity three sows. When genotype had been 
separated out from the other influential factors, there was clearly no affect on litter 
size. 
6.3.4. Allele association analysis for promoter SNP 
Using the same PlC data set of 4017 sows and microarray genotyping method as 
described in section 6.2.2, the SNP at the 5' end of intron 1 (position 2770 appendix 
II), which resulted in a base change from guanine to thymine (described in section 
5.3.2.3) was genotyped (the genotyping of this SNP was carried out by A. Day from 
Sygen). Genotypes were successfully ascertained at the SNP in intron I for 3484 
sows, with phenotype records. Figure 5-14 demonstrates that this SNP site (position 
+110) does not lie within a region of high promoter activity or known gene 
regulatory regions. 
If an association is found, then although this locus itself is unlikely to be a causal 
mutation, it may well be in linkage disequilibrium with a causual variant. Unlike 
SNP7.2, the SNP in intron 1 is not fixed for alternative alleles in the Large White and 
Meishan breeds. All the purebred Large White individuals were Ti" homozygotes 
and all except two of the Meishan individuals were homozygous for the base G 
allele, with these two being heterozygotes (Figure 5-7). The results of the simple 
one-way ANOVA did not show such a clear difference in litter size between the 
three genotype classes as it had done with the analysis of SNP7.2 (see Table 6-9). 
The proportion of sows of the three genotype classes at this SNP in intron I for the 
six breed groups was similar to that of SNP7.2 (compare Figures 6-14 and 6-16). 
The main difference was that six sows of the less common genotype (GG) at the SNP 
in intron I were present in the two Duroc lines, whereas no sows had the rare 
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genotype (T1) at SNP7.2. Table 6-10 shows the allele frequencies and results of a 
Chi square test for Hardy-Weinberg equilibrium for the promoter SNP. 
Table 6-9 Mean number of piglets born alive over five parities, for sows of 
each genotype class at promoter SNP (TT, TG and GG). Also shown in the 
frequency of sows of each genotype class. (n = number of sows with litter 
size records at each parity level). 
Mean number of piglets born alive for sows in 
each genotype class (frequency of sows of 
each genotype)  
Pooled SD P value 
(2 d.f.) 
TT TG GG 
Parity one 9.76' (0.65) 10.02 b  (0.29) 10.15 (0.06) 3.24 P = 0.04 
(n3484) 
Parity two 10.34 (0.65) 10.37 (0.29) 10.77 (0.06) 3.35 P = 0.31 
(n2706) 
Parity three 10.90 (0.66) 10.94 (0.28) 11.09 (0.06) 3.43 P 	0.84 
(n = 2129) 
Parity four 11.02 (0.70) 10.98 (0.25) 11.18 (0.05) 3.53 P =0.91 
(n = 1268) 
Parity five 10.75 (0.77) 11.42 (0.19) 10.00 (0.04) 3.41 P =0.11 
(n 	503)  
Values within the same row differ significantly (P < 0.05) 
Table 6-10 Frequencies of the alternate alleles at promoter SNP for each line 
and the results of a Chi-square test for Hardy-Weinberg equilibrium 
Allele Frequencies Test for Hardy-Weinberg equilibrium 
(P value) 
Line Base I Base G  
C-Landrace 0.80 0.20 No statistical deviation from HWE (P >0.05) 
D-Large White 0.80 0.20 Evidence for disequilibrium (P <0.05) 
E-Duroc 0.93 0.07 No statistical deviation from HWE (P >0.05) 
F-Duroc 0.96 0.04 Evidence for disequilibrium (P <0.05) 
G-Mixed Synthetic 0.73 0.27 No statistical deviation from HWE (P >0.05) 
H-50% Meishan 0.61 0.39 No statistical deviation from HWE (P >0.05) 
A REML variance components analysis was then carried out as described in section 
6.3.3.2., to investigate whether factors other than genotype at the intron I SNP 
affected litter size. The results are shown in Table 6-11. 
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Table 6-11 Statistical significance of each of the predictor variables in the 
REML model on the number of piglets born alive at each parity level. 
(n = number of sows with litter size and genotype records at the SNP in 
intron I of SPPI). 
Parity one sows (n3484) 
Predictor variable Wald Statistic d.f. CM-squared probability (P) 
Genotype 0.02 2 P>0.1 (N.S.) 
Line 116.70 5 P<0.001 
Farm 0.19 1 P>0.1 (N.S.) 
Number of services 1 4.77 1 5 P >0.1 (N.S.) 
Genotype 	Line 1 13.69 1 	10 P>0.1 (N.S.) 
Parity two sows (n2706) 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 0.68 2 P>0.1 (N.S.) 
Line 96.42 5 P<0.001 
Farm 16.31 1 P<0.001 
Number of services 6.62 4 P >0.1 (N.S.) 
Genotype x Line 1 15.59 10 P>0.1 (N.S.) 
Parity three sows (n=2129) 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 0.16 2 P>0.1 (N.S.) 
Line 91.40 5 P<0.001 
Farm 16.54 1 P<0.001 
Number of services 0.64 4 P>0.1 (N.S.) 
Genotype x Line 19.12 10 P<0.05 
Parity four sows (n=1268 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 1.34 2 P>0.1 (N.S.) 
Line 44.01 5 P<0.001 
Farm 42.05 1 P<0.001 
Number of services 1.22 2 P>0.1 (N.S.) 
GenotypexLine 1.96 8 P>0.1 (N.S.) 
Parity five sows (n503) 
Predictor variable Wald Statistic d.f. Chi-squared probability (P) 
Genotype 6.64 2 P<0.05 
Line 54.39 5 P<0.001 
Farm 4.49 1 P <0.05 
Number of services 7.27 2 P <0.05 
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Figure 6-16 Percentage of parity one sows within each of the three genotype 
classes at the SNP in intron 1 (GG, TG and TT) for the six line groups of 
varying breed origin. 
6.3.5. Linkage disequilibrium analysis 
The genotypes at the SNP in intron I and the SNP in exon 7 of SPPJ were used to 
test whether these two loci were in linkage disequilibrium (LD) within the six breed 
groups (Table 6-12). An expectation-maximisation (EM) algorithm was used to 
estimate the maximum likelihood of haplotype frequencies under the assumption of 
Hardy-Weinberg equilibrium, as described by Excoffier and Slatkin (1995). This 
allows the gametic phase of haplotypes for diploid individuals heterozygous at both 
loci, to be determined. The measured unit of linkage disequilibrium is "D", that is 
the deviation of the haplotype frequency from that expected at linkage equilibrium 
(Gavrilets, 2001). Where D'= 0, the loci are in complete gametic equilibrium and 
where D'= 1, the loci are in complete gametic disequilibrium. The analysis assumes 
a random mating structure in the population. The program used for the analysis was 
kindly provided by Albert Tenesa from University of Edinburgh. 
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Table 6-12 Evidence for gametic disequilibrium between the SNPs typed in 
intron 1 and exon 7 of SPPI across PlC sows of varying breed origin. 
Line group No. sows with 
genotype data 










C-Landrace 811 P <0.000 1 P <0.05 0.86 
D-Large White 807 P <0.0001 P <0.0001 0.95 
E-Duroc 226 P<0.000l P>0.l (N.S.) 0.96 
F-Duroc 221 P>0.1 (N.S.) P<0.Ol 0.28 
G-Mixed synthetic 284 P<0.000l P>0.1 (N.S.) 0.98 
H-SO % Meishan 301 P<0.000l P>0.1 (N.S.) 0.87 
TOTAL 2650 P<0.0001 P<0.0001 0.89 
For all the breed groups, except F, there is strong evidence that these two SNPs, 
which are around 6 kb apart in the SPP1 gene, are in linkage disequilibrium. If other 
loci within SPP1 or nearby are also found to be in LD with these two SNPs, then it 
can be confidently predicted that they will also show no association with litter size. 
It was only possible to test for linkage disequilibrium, by assuming that the 
populations are under random mating and it can be seen from Table 6-12 that lines C, 
D and F showed evidence of non-random mating. Because of the difficulty of 
determining haplotypes for heterozygous individuals at both loci, a model allowing 
for non-random mating will always produce a perfect fit to the observed genotype 
counts and therefore the analysis leaves no degree of freedom to test for linkage 
disequilibrium (Sham, 1998). Therefore those analyses that show evidence for non-
random mating have to be interpreted with caution. 
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6.4. Discussion 
6.4.1. Confirmation of SNPs 
The most common form of DNA sequence variation is single nucleotide 
polymorphisms (SNPs). An operational definition for a polymorphism (including 
SNPs) is genetic variation for which the rare allele/variant has a frequency of at least 
1 % in the population of interest (Gut, 2001). SNPs occur on average every 1000 bp 
along the 3 billion nucleotides of the human genome (Marth et al., 1999). 
Sachidanandam et al. (2001) identified 1.42 million SNPs and as expected they 
found much less variation in coding regions than non-coding regions. They found 
60,000 SNPs in exonic gene regions, which resulted in non-synonymous amino acid 
changes, at a frequency of 1 SNP per 1.08 kb of coding sequence. 
Out of the eight sequence variants of interest investigated in this chapter, all of them 
except SNP7.1 (Figure 6-1) were confirmed in genomic DNA. Although closely 
linked SNPs will often be found in linkage disequilibrium (LD), Kruglyak (1999) 
predicted that haplotype blocks would be limited to around 3 kb in humans and that 
at least 500,000 SNPs would need to be typed for a whole genome association study. 
There are currently around 2.4 million unique human SNPs in the public databases 
and several studies are involved with mapping haplotype blocks within the human 
genome to aid the search for causal SNPs involved with complex traits (Couzin, 
2002). Similar studies in the mouse are also now underway (Lindblad-Toh et al., 
2000), in particular following the recent completion of the draft sequence of the 
mouse genome (Waterston et al., 2002). Where a SNP contributes to a complex trait, 
all the SNPs within the haplotype block will also show association with the trait. 
Therefore only one SNP needs to be typed within each haplotype block and where 
that block is as small as a few kb, a non-causal SNP within the same gene as the 
causal allele, can often also be associated to the trait (Dawson et al., 2002). In the 
same way, it was hoped with this study that if an allele at the SNP typed over the 
large commercial population did show an association with litter size, that it would 
either be the causal SNP itself or in LD to a nearby causal SNP within the same gene. 
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There was seen to be strong evidence that the SNPs in intron 1 and exon 7 typed over 
the group of PlC sows are in linkage disequilibrium. Therefore any other nearby loci 
also found to be in LD with these two SNPs are also unlikely to show an association 
with variation in litter size in these sows. 
Recently it is becoming more common to utilise association studies of haplotype 
blocks rather than classical linkage mapping to locate genes/loci controlling complex 
traits. Linkage mapping relies on recombination events within structured families 
and therefore the regions of LD tend to be relatively large. Whereas with association 
based analyses the haplotype blocks can be as small as a few kb (Cheung and 
Spielman, 2002). SNP markers are much more stable within a population than 
polymorphic microsatellite markers (Sachidanandam et al., 2001). They are 
therefore almost exclusively Identical By Descent (IBD) and can even be used for 
QTL scans across pedigrees of distantly related animals (Fahrenkrug et al., 2002). 
These SNP haplotype maps are certainly more common in human studies where 
structured pedigree crosses are not possible. However Fahrenkrug et al. (2002) and 
McEwan et al. (2002) also describe the emerging importance of SNP maps for fine 
mapping of QTL regions in livestock species. High-density SNP marker maps for 
fine mapping require a much greater number of markers to be typed and as a 
consequence there is a requirement for high throughput genotyping. 
6.4.2. Use of microarray technology for genotyping SNPs 
The technology for mutation detection has recently progressed rapidly alongside the 
advances in genome research, in particular whole genome sequencing projects 
(Vaughan and McCarthy, 1998). Various high throughput genotyping methods are 
now available for scoring bialleic loci, including several that use microarray 
technology. When handling such large datasets the main requirements of the system 
of analysis are that they are accurate, rapid and cost effective (Fan et al., 2000). 
Examples of common genotyping methods of SNPs not involving microarray include 
the TaqMan®  fluorescence assay, primer extension, oligonucleotide ligation or RFLP 
(for more detail on these assays see Sayers et al. (2000) and the review by Gut 
(2001). It is also possible to use comparative sequencing, where the bi-alleic 
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sequences are compared for different individuals. 	Where an individual is 
heterozygous for a SNP, a multiple peak for the two alternative nucleotides will be 
seen (Fahrenkrug et al., 2002). 
The type of genotyping method chosen depends on whether the study requires the 
genotyping of a limited number of SNP markers in a large population or the analysis 
of a large number of SNP markers in one or a few individuals (Gut, 2001). For the 
typing of a few SNPs over hundreds or even thousands of individuals the use of 
microarray chips is ideal. Iwasaki et al. (2002) found the success rate of genotyping 
SNPs using their microarray based allele specific oligonucleotide (ASO) 
hybridisation method to be very high (99.9 %). Because this group were testing 
several SNPs over a small number of individuals they arrayed the allele specific 
probes of 11 bp in length to the glass slide and hybridised with PCR products of 
around 60 bp in length from the DNA samples. 
This methodology is reversed with respect to the genotyping method I used, and also 
as described by Ewen et al. (2002). For typing a few SNPs over a large number of 
animals, the PCR amplicons were arrayed onto the slide and hybridised with short 
labelled oligonucleotide probes. Iwasaki et al. (2002) also used a relatively low 
hybridisation temperature of around 30° C (34° C was used for my study) and of 
most interest was their incorporation of oligonucleotide "chaperons" into their 
experimental design. This is where two separate oligonucleotides are designed to 
hybridise to both ends of the 60 bp PCR amplicon, leaving only the 11 bp region 
specific to the allele-specific probes on the glass slide exposed. This is a very 
effective way of ensuring that the chemiluminescence signals produced refer to the 
alternative alleles of the SNP of interest and not to another nucleotide site within the 
PCR amplicon. One of the main problems of hybridisation is the chance of non-
specific binding and it might well be worth incorporating "molecular chaperons" to 
the experimental design used here to type SNPs within SPPJ. 
The allele specific probes used in this study were all around 15 bp in length, with the 
SNP site designed to be in the centre of the probe (see Table 6-4), in order to 
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increase the chance of specific binding. There is still the possibility however that 
because the probes for the alternative alleles were so similar in sequence i.e. only one 
base pair difference, that the binding to the PCR amplicons on the slide may not 
always be specific. However the stringent wash conditions used here should have 
ensured that any hybridisation probe that bound to DNA that was not fully 
complementary was removed (Gut, 2001). In addition every DNA sample was 
spotted onto the slide in triplicate and the intensity of fluorescence for the two 
alternative fluorophores checked to be similar for all three individual array spots and 
then the mean value calculated across them. 
Every slide contained a negative control sample in order to calculate the background 
fluoresence of the slide, however I feel that it would have been useful to have also 
incorporated a positive control sample on every slide. An obvious choice for this 
would be to use DNA from the Fl Meishan x Large White boar used to create the 
BAC library. This DNA had been used to detect the alternative alleles at the SNPs 
within SPPJ and therefore both the cy3 and cy5 fluorophores should fluoresce with 
an equal intensity and confirm that the individual was heterozygous. It may also be 
worthwhile including DNA from two individuals, each known to be homozygous for 
the alternative alleles. Therefore the intensity of the signal for all the DNA samples 
from sows of unknown genotype could have been compared to the three controls. 
It is likely that the main reason that genotypes could not be determined for over 1000 
DNA samples was due to the high levels of background noise on the slides (see 
section 6.3.2). The conditions outlined for the classification of genotypes had been 
strict to ensure that those typings that were considered successful were included 
(section 6.3.2). However it is far from ideal to lose over 25 % of the available data. 
It was initially thought that perhaps the DNA concentration of the 4017 samples had 
not been sufficient. However the exact concentrations were not known and it is 
possible that they may well have varied across samples, which could explain why 
some spots fluoresced more brightly than others. Other suggestions to reduce the 
high background noise include baking the slides for longer than two hours and 
possibly using UV cross-linking in order to help the DNA to bind more efficiently to 
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the slides. However the protocols derived from those of the Cold Spring Harbor 
laboratory (found at http://www.microarrays.org/pdfs/PostProcessing2001.pdf)  
suggest that although UV cross-linking will enhance binding of long oligonucleotide 
DNA, it has no effect on the binding of short PCR products to the glass slide. 
There may well have been batch variation in the poly-lysine slides used; this would 
explain why the first set of slides worked better than the later ones. One could use a 
higher quality of slide, which has a surface coating with very low intrinsic 
fluorescence and therefore maximises the signal to noise ratio. These are more 
expensive but may be worthwhile as only a few slides were required to be printed for 
this experiment. Furthermore the Erie Scientific Company demonstrated that the use 
of DMSO as a printing buffer results in good spot morphology and high signal 
intensity http://www.eriesci.com/tech_info/DNA  nroto.html. They also describe 
that an additional advantage of DMSO is that the DNA spots do not dry out so easily, 
a problem, which causes do-nut shaped spots (as described in the testing of 
hypothesis ii) in appendix III). Also the array post-processing protocol (found at 
httv://www.microarrays.or g/t)dfs/PostProcessing2OOl.l2 describe the use of re-
hydration of the DNA spots to eliminate the do-nut shape and to increase the amount 
of total DNA bound to the slide after processing. These are all possible ways of 
improving the intensity of fluorescence resulting from hybridisation with the allele 
specific probes. 
Many protocols for binding DNA to poly-lysine slides describe the need to use a 
succinic anhydride block to cap exposed amines on the slide, to prevent binding of 
probes to non-specific sites on the slide (for example see 
htIR://www.microarrays.orgZl2dfs/PostProcessinp-209i.pdD. A BSA block was tested 
within this study (Appendix III). Unfortunately it reduced the overall spot intensity 
and consequently increased comparative background noise. It was therefore decided 
that a block would not be used. 
Finally, it would have been useful to have confirmed, by gel separation, that the PCR 
reactions across the 4017 DNA samples had been successful. One possible way to 
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do this is to use microplate-assay diagonal-gel electrophoresis (MADGE) of the PCR 
products contained within 96 well plates (Sayers et al., 2000). This would have 
involved transferring the samples from the 384 well plates to 96 well format, and if 
possible, it would be better to run all 384 samples together. In addition the DNA 
should ideally have been purified from the PCR products using for example filtration 
plates in order to remove the PCR primers and increase the specificity of the target 
DNA on the glass slide. Both these steps would however be time consuming and 
very costly for such a large number of DNA samples. 
6.4.3. Association studies in large porcine commercial breeding 
populations 
The number of successful genotypes obtained at SNP7.2 was sufficient to carry out 
an allele association analysis within the PlC commercial breeding populations. With 
the simple one-way ANOVA it appeared as if there was an allele substitution effect 
with SNP7.2 and litter size for second and third parity sows. Animals of genotype 
77" appeared to farrow almost one piglet more than sows of genotype CC (Figure 
6-13). Interestingly the frequency of the allele which encodes proline within the 
Large White, Landrace and Duroc breeds was between 0.72 and 0.99 and within the 
sixth breed line which was of 50 % Meishan origin the frequency of the allele 
encoding a proline was only 0.49. However, once the external factors such as breed 
origin and the effects of environment were taken into consideration it was realised 
that the difference in litter size observed between sows was in fact explained by the 
breed origin. In some cases differences were also explained by external 
environmental influences on the phenotype and there was in fact no association 
found between the genotype of the sow at SNP7.2 and litter size. It can be concluded 
that there are other loci at unknown locations in the genome that control the 
differences in litter size between various pig breeds. This clearly demonstrates that 
with association analyses it is important to incorporate all possible influential factors 
on the phenotype into the model used, to ensure that the effect seen is genuine and 
the results observed are not confounded with other variables. 
PAM 
The association analysis of genotype at the SNP in intron 1 and litter size also 
revealed no significant association. The REML analysis again concluded that it was 
mainly the difference in breed origin of the sow lines, which explained the variation 
in litter size. It can be seen from Tables 6-8 and 6-11 that the variables having a 
significant effect on the number of piglets born alive are almost identical across the 
first four parities; the only difference being that there is no significant interaction 
between genotype and phenotype in the parity one sows genotyped for the SNP in 
intron 1. Interestingly there appears to be a significant effect of genotype at the 
intron I SNP on the litter size records of parity five sows (Table 6-11). However, the 
number of sows in this group is much smaller than the others, therefore more greatly 
reducing the statistical power of the test, and there is no obvious biological 
explanation why there would be an association between genotype and phenotype 
only at the sow's fifth parity. 
When conducting the REML analysis it was decided that the most accurate method 
was to carry out separate analyses at each parity level. The litter size data could have 
been pooled across parities to give a much larger data set and the sow fitted as a 
random effect into the model, to allow for each sow having more than one parity 
record. However, Alfonso et a! (1997) discuss that the genetic background of litter 
size is different for each parity i.e. the genetic correlation between the first and 
subsequent parities is less than one. Additionally, there were believed to be a 
sufficient number of animals (up to 3484 sows per parity) to give the power required 
for an accurate association analysis within parity. 
In the future it may be worthwhile extending the current work by conducting a 
REML analysis for each breed separately, at each of the parity levels. This would 
determine whether there was an association between specific alleles at the SNP of 
interest and litter size, for each of the breeds. Although with this type of analysis, the 
numbers of animals available for each analysis is much lower and there may 
therefore not be sufficient power to detect an association. 
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There have been several recent examples of association studies of single candidate 
gene loci in livestock species for traits of economic importance. An example was the 
demonstration of an allele substitution effect of alleles (3 out of 8) within the 
microsatellite locus of SPP1 associated with litter size (microsatellite repeat maps 5' 
of exon I between position 2442 and 2505 appendix II). This study was carried out 
on a PlC line of 50 % Meishan origin and the genetic difference observed was an 
additive effect of between 0.41 and 0.95 piglets per allele copy. They used a mixed 
linear regression model which included effects of genetic line, herd-year-season of 
farrowing, parity and service type (natural or Al). van der Steen et al. (1997) 
suggested that the SPPJ microsatellite marker must be linked to a QTL of litter size 
and that if SPP1 is not the causal gene itself, then there could be a causal loci in LD 
with the microsatellite locus. The QTL study carried out by myself (chapter 2) was 
the first to identify a QTL for prenatal survival and the related trait of litter size 
around the SPP1 gene. 
An additional locus within SPPJ, the SINE in intron six, has also been proposed as a 
marker for litter size. SINEs or short interspersed nuclear elements were originally 
discovered in humans (Alu repeats) (Moran, 1998). The family of SINEs with the 
PRE- I (porcine repetitive element), as was seen within intron 6 of SPPJ are the most 
common with an estimated 100,000 copies throughout the pig genome (Singer et al., 
1987). They are derived from small cellular RNA species, which have been reversed 
transcribed and then integrated into the genome (Moran, 1998). Interestingly these 
PRE-1 SINEs are absent from bovidae, mice and humans (Takahashi et al., 1992) 
and are present at a similar level of abundance in warthogs and peccaries as domestic 
pigs (Yasue and Wada, 1996). This implies that the repeat originated after the 
divergence of pigs from ruminants. In effect, these repeat elements are processed 
pseudogenes which are non functional (Moran, 1998). Therefore the association 
found by Korwin-Kossakowska et al. (2002) between the presence of a SINE within 
SPP1 in second and later parities of Polish commercial sows and litter size is likely 
to be explaining association of a marker in LD with the SINE and not a causal role of 
the SINE itself. 
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The frequency of the presence of the SINE within their population was 0.21. Knoll 
et al. (1999) determined the frequency to be 0.57 in Landrace, 0.26 in Large White, 
0.16 in Duroc and 0.82 in Pietran breeds. It can be seen from Figure 6-2 that all of 
the 15 purebred Meishan animals were homozygous for the absence of the SINE and 
the frequency of the presence of the SINE in the 14 purebred Large White 
individuals was 0.54. 
Once beneficial alleles at specific loci have been shown to be associated with a 
positive improvement in a livestock trait, it is possible to introduce marker-assisted 
selection (MAS) within commercial breeding populations (Georges, 1999). By 
integrating molecular genetics approaches into traditional selective breeding 
methods, it should be possible to achieve the maximum improvement in the 
economic value of domesticated livestock populations (Lande and Thompson, 1990). 
However for MAS to be successful, it is important that beneficial alleles for a given 
trait are shown to have no deleterious pleiotropic effects with other performance 
traits (Rothschild et al., 1997). 
Unfortunately due to overinterpretation of results and poor study design the literature 
is teeming with reports of associations that either cannot be replicated or for which 
corroboration by linkage has been impossible to find (Cardon and Bell, 2001). 
However fine mapping of disease trait loci through a combination of linkage and 
association analyses remain important strategies for the identification of causative 
gene variants, particularly where the trait is influenced by one or more 
polymorphisms within the same gene (Soubrier et al., 2002). One of the main goals 
of human genetics is to understand how phenotypic variation seen in normal and 
clinical contexts is related to the underlying sequence variation in the genome 
(Cheung and Spielman, 2002). Most association studies tend to investigate single 
loci that have been identified as putative candidate genes. In contrast SNP-based 
genome-wide association analyses are possible and in theory relatively 
straightforward. There are still however many technical and statistical obstacles. 
The technique needs to be reliable and efficient to type a large number of markers 
over the individuals of interest. Genomic DNA is complex and repetitive and it can 
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therefore be difficult to analyse markers by hybrid-based array technology due to the 
problems of cross hybridisation (Cheung and Spielman, 2002). There are now 
microarrays available to genotype a few thousand SNPs over the human genome 
(http://www.affymetrix.com  and http://www.illuniina.com ). Because the exact size 
of haplotype blocks is unknown and the size of each block varies considerably 
depending upon whether it is found within a recombination hotspot (Miller and 
Kwok, 2001), it is difficult to know the exact density of markers required for a whole 
genome association study. The difficulties encountered with the analysis is that it 
must be able to detect small contributions to the phenotype from several genes or 
loci, whilst allowing for the inherent false positive error rate involved when testing 
such a large number of markers. It is also important to consider gene-gene or gene-
environment interactions on the control of complex traits (Cheung and Spielman, 
2002). The problem with quantitative characteristics is that where genes or loci are 
identified to have a relatively small effect on that trait it can be difficult to ascertain 
its exact role within what can be a complex pathway of physiological control. 
In summary there was no association found between alleles at the candidate causal 
non-synonymous mutation in exon 7 of SPP1 and at the SNP in intron 1 and the 
number of piglets born alive recorded in around 3000 sows of varying breed origin. 
Although there is evidence from several independent studies suggesting SPP1 as a 
physiological and positional candidate gene involved in the variation seen in prenatal 
survival levels and litter size between pig breeds, it may of course be another gene 
within the QTL region identified on SSC8qter that is responsible for this variation. It 
would be worth investigating other genes identified in chapters 3 and 4 to map within 
the QTL region, such as IBSP and SPARCL1, for a physiological role. 
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Chapter Seven 
7. CONCLUSIONS AND FUTURE WORK 
Previous studies by various groups have highlighted regions on SSC8 associated with 
variation in ovulation rate (Rohrer et al., 1999; Rathje et al., 1997; Wilkie et al., 
1999; Braunschweig et al., 2001 and Jiang et al., 2001, teat number (Cassady et al., 
2001), age at puberty (Cassady et al., 2001) and litter size (van der Steen et al., 1997 
and (Korwin-Kossakowska et at., 2002) in various pig breeds. Therefore this project 
focussed on a detailed investigation of porcine chromosome 8 (SSC8) in particular, 
to search for an association between loci on this chromosome and the variation seen 
in female reproductive performance between a European commercial breed, the 
Large White and the highly prolific Chinese Meishan breed. 
Prior to the 1990s there was seen to be a very low selection response in sow fertility 
traits by selective breeding alone. However, during the last 12 years or so there has 
been a significant increase of an average of 0.1 to 0.2 piglets per year, as a result of 
the application of Best Linear Unbiased Prediction (BLUP) and the use of breeding 
information from families of large populations (Merks et al., 2000). However, if loci 
can be identified to be associated with improved prolificacy or ideally if the 
underlying causal genetic mutation can be discovered, then marker assisted selection 
or introgression can be used more successfully to increase the frequency of desirable 
alleles. Care must be taken to ensure that the beneficial alleles are not in linkage 
disequilibrium with undesirable alleles for other traits. In this way sow fertility can 
be improved directly using a targeted technology that is much more successful than 
selective breeding relying on information from just the animal's phenotype. This 
strategy is particularly important for traits of low heritability; for example the 
heritability of litter size in pigs is typically between 0.05 and 0.15 (Alfonso et al., 
1997). 
The QTL scan of SSC8 revealed a clear QTL region associated with prenatal survival 
around the telomere of the q arm, in a group of young sows, which was significant at 
the equivalent of the genome-wide level (P <0.05). This was co-located with a QTL 
for the related trait of litter size, which was statistically significant at the nominal 
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level (P <0.01). In addition the analyses revealed a QTL for teat number around the 
centromere of the chromosome, also significant at the equivalent of a genome-wide 
level (P <0.05). The additive genetic effect for all three of these QTL indicated 
increased performance from the Meishan breed. 
There was evidence to suggest that there were in fact two QTL for teat number on 
SSC8, acting in opposite directions. Indeed when the genotypes at the AREG locus 
were fitted as fixed effects into the QTL analysis this removed the effect of the QTL 
near AREG and improved the statistical support for the second QTL around the 
SLIT2 gene (see Figure 2-10). With the extended QTL models, there was also seen 
to be limited support for a QTL for ovulation rate around the centromere, near the 
GNRHR gene, and also near the telomere of the p arm (see Figure 2-8). This result is 
supported by the findings of (Rohrer et al., 1999; Wilkie et al., 1999; Braunschweig 
etal., 2001 and (Jiang et al., 2001). 
When this project was initiated the number of genes mapped to SSC8, in particular 
around the telomere of the q arm, was limited. Therefore information from a 
comparative gene map of human chromosome 4 was used to construct a detailed map 
of SSC8. These two chromosomes are highly conserved across species. The 
technique of radiation hybrid mapping was used to order the genes on the 
chromosome relative to a framework of markers already known to map to SSC8. 
Additional markers and genes of interest can be rapidly added in the future to this 
detailed framework map. 
When searching for physiological candidate genes in the QTL regions of interest, the 
radiation hybrid map of SSC8 served as a useful tool. Not only were ten novel 
porcine homologues of human genes mapped to SSC8, in addition the map can now 
be confidently aligned with the sequence and gene map of HSA4 and many human 
genes predicted to map to specific regions on SSC8. For example the gene order at 
the telomere of the q arm was seen to be inverted relative to HSA4 and Figure 4-7 
demonstrates how one can confidently predict that the twenty-three human genes on 
the equivalent region on HSA4 will map within the prenatal survival QTL region. 
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I would have liked to have mapped the genes HNRPD and BMF3 in the pig, in order 
to refine the exact location of the breakpoint of the region that has been inverted; 
however it had not been possible to optimise the PCR conditions for primers 
designed within these genes, to map them to the radiation hybrid map. 
During this study I focussed on the comparison between human and pig only. The 
main reasons for this were because HSA4 and SSC8 are so highly conserved and also 
the number of genes mapped in humans is large and the genomic sequencing effort 
was well advanced. As Figure 4-5 shows, the area of the prenatal survival QTL 
could be predicted to map to the q arm telomere of mouse chromosome 5 and maybe 
parts to mouse chromosome 3 and also to sheep and cattle chromosomes 6. It would 
be interesting in particular to align the mouse gene map and recently completed draft 
genome sequence with that of the pig, to search for additional homologous candidate 
genes. Especially as the reproductive physiology of this species is more similar to 
the pig, in terms of litter size, than it is to the human. However, unlike mice and 
humans, implantation in the sheep, cattle and pigs is non-invasive (Johnson and 
Everitt, 1995). 
QTL studies investigating prolificacy traits have been reported for mice and cattle. 
However none were seen to map to MMU5, MMU3 or BSA6. Significant QTL for 
ovulation rate have been located on bovine chromosomes 7, 19 and 5 (Kappes etal., 
2000; Kirkpatrick et al., 2000; Lien et al., 2000 and (Blattman et al., 1996)) and a 
significant QTL was detected on mouse chromosome 2, where individuals inheriting 
both allele copies displayed an increase in embryo survival of 13.6 % (Pomp et al., 
1995). In addition Spearow et al. (1995) mapped QTL for ovulation rate on mouse 
chromosomes 2, 6 and X. 
I concluded that although the gene SLIT2 was seen to map to one of the teat number 
QTL on SSC8, this gene is an unlikely candidate because it is a homologue of a 
Drosophila gene, which plays a role in central nervous system midline formation 
during embryogenesis. The gene STE (estrogen-preferring sulfotransferase) maps 
within the second QTL region for teat number at around 100 cM and Jiang et al. 
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(2002b) suggested an association between a marker for this gene and teat number in 
the Roslin Meishan x Large White populations. However the role of STE is to 
remove the sulfate group from the precursor estrone sulfate to form active estrogens 
and (Bernier et al., 1994 and (Her et al., 1995) demonstrated that STE expressed in 
the placenta and brain maps to human chromosome 16 and it is STE from the liver 
which maps to human chromosome 4. 
M4N2B2 (alpha mannosidase 2B2) was mapped to the telomere of the p arm of 
SSC8 and is a strong candidate controlling the variation seen in ovulation rate at a 
QTL mapped to this region (Rohrer et al., 1999), however Campbell and Rohrer 
(2000) found no association between a polymorphism found in the putative start 
codon of this gene and ovulation rate in Meishan and White composite breeds of pig. 
GNRHR (gonadotrophin releasing hormone receptor) is a strong candidate for the 
ovulation rate QTL mapped to the centromere of SSC8 (Wilkie et al., 1999 and 
(Braunschweig et al., 2001) and indeed Jiang et al. (2001) reported an association 
between the allele most prevalent in the Meishan breed at a polymorphism within 
this gene and increased ovulation rate in sows having their first parity. 
The homologue of the sheep Booroola gene, located on sheep chromosome 6, was 
predicted to map within the prenatal survival QTL region. The gene has a major 
effect on litter size in sheep, of around one extra lamb per copy of the gene 
(Montgomery et al., 1992). However, in sheep this gene improves litter size through 
ovulation rate and not prenatal survival and in addition the comparative mapping 
study revealed that the porcine homologue of the Booroola gene in fact maps outside 
of the QTL region. 
Out of the five genes now mapped within the prenatal survival/litter size QTL region 
(DSPP, IBSP, COPS4, SPARCL1 and SPP1), SPARC-like 1 and secreted 
phosphoprotem 1 are the only known physiological candidate genes involved in the 
control in variation in prenatal survival between pig breeds. SPARCL1 has a role in 
cell adhesion and is expressed in the ovary and placenta (Girard and Springer, 1995). 
This gene also maps within the age at puberty QTL mapped by Cassady etal. (2001) 
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and the Nebraska group found differential expression of the gene in the anterior 
pituitary of a control group of pigs and a line selected for increased ovulation rate 
and embryo survival over several generations (Bertani et al., 2002) and they are 
currently investigating this gene further. 
Secreted phosphoprotein I (SPPJ) has a role in controlling embryo implantation and 
placentation. It is known from physiological studies that the Meishan breed has a 
larger litter through improvements in prenatal survival levels and not through an 
increased ovulation rate. Indeed during the pen-implantation period (days 12-18 of 
gestation), the Meishan breed displays a significant reduction from the 75 % of 
embryo loss seen in commercial European breeds such as the Large White (Ford, 
1997). During days 5-12 of gestation, the Meishan embryos secrete less oestradiol 
than Yorkshire embryos (Ford, 1997). The uterine epithelium is sensitive to the 
oestradiol and subsequently the level of uterine endometrial secretions in Meishan 
sows is reduced. This reduced histotroph secretion acts on the conceptuses in the 
uterus and results in a decreased litter variation in embryo length, weight and 
distance between attachment sites, therefore allowing a greater proportion of the 
litter to survive the gestation period (Geisert et al., 1982). In Large White breeds, the 
larger more advanced embryos alter the uterine environment to the detriment of the 
smaller embryos (Pope et al., 1990). In addition the Meishan fetuses trigger an 
increased placental efficiency during late gestation, allowing the embryos a smaller 
area within the uterus to develop and therefore reducing competition between them 
(Biensen et al., 1999). 
There has been shown to be an increase in SPP1 mRNA expression from the luminal 
epithelium of the endometrium of pigs after day 15 of gestation (Garlow et al., 2002). 
The biologically active 45 kDa form of the protein is released as part of the 
histotroph secretion from the endometrium and binds to vitronectin receptors on the 
trophectoderm of the blastocyst, resulting in elongation of the conceptus and also 
inducing adhesion and cell signalling between the conceptus and the endometrium, 
vital for attachment, implantation and placentation (Johnson et al., 2000 and 
(Johnson et al., 1999b). This control in pen-implantation loss from the sow 
correlates with the results of the QTL study, where the difference in prenatal survival 
level was associated with the maternal genotype. 
van der Steen et al. (1997) found an association between alleles at the microsatellite 
locus of SPP1 (5' of coding region of gene) and an increase in litter size in a 
Meishan (50 %) synthetic line. Korwin-Kossakowska et al. (2002) found an 
association between the presence of a SINE (Short Interspersed Element or 
mammalian-wide interspersed repeat) in mtron 6 of the gene and an increase in litter 
size in a commercial Polish pig line, van der Steen etal. (1997) state that any locus 
found to be associated with the trait may not necessarily be the causal mutation, but 
may be in linkage disequilibrium with and therefore explain the causal mutation, 
which may be located within SPP1 or even within an unknown neighbouring gene. 
Therefore this project focussed specifically on SPPJ as a physiological and 
positional candidate gene for the control of prenatal survival variation seen between 
the Meishan and Large White breeds. The entire sequence of the gene, including 
2 kb 5' of exon 1 was deduced from Meishan and Large White origin and putative 
casual variants responsible for the variation in prenatal survival identified. The 
comparison of the 10 kb sequence of SPP1 from Meishan and Large White origin 
revealed eighty-five single nucleotide polymorphisms (SNPs), ten sequence 
insertions or deletions, the microsatellite tandem repeat and the presence or absence 
of a SINE. 
All variants of interest were typed over genomic DNA from the Roslin Meishan x 
Large White populations to confirm that they were genuine polymorphisms and not 
sequencing errors or artefacts. Six SNPs were discovered in exons, three of which 
encoded a non-synonymous amino acid change. The two in exon 6 encoded a 
change from an alanine to a threonine and a valine to an alanine, both of which are 
relatively conserved changes. The third in exon 7 encoded a change from a proline 
to a serine. None of these three changes in amino acid altered the predicted 
secondary structure of the protein. 
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The presence or absence of the SINE and the amino acid change from an alanine to a 
threonine were typed over all individuals in the three Rosim Meishan x Large White 
populations and when the genotypes at these two loci were included into the QTL 
analysis as fixed effects, neither explained any additional variation in litter size or 
prenatal survival over and above the effect of the QTL itself. A marker for the SNP 
in exon 7 had already been included in the original QTL analysis. 
SPPJ has a significant number of potential serine and threonine phosphorylation sites 
Safran et al. (1998) and Yamamoto et al. (1995) suggest that transcription from the 
SPP 1 promoter is normally repressed or controlled at the posttranscriptional level. 
There is evidence that decreased phosphorylation of SPP 1, leads to a reduced binding 
to cells with vitronectin (a33) receptors (Safran et al., 1998). The serine, encoded by 
the allele at the SNP in exon 7, fixed in the Meishan pure-breds, lies within a casein 
kinase II phosphorylation site, which is disrupted by the proline, encoded by the 
alternative allele at the SNP, which is fixed in the Large White pure-bred animals. 
The serine amino acid residue was found to be conserved across the Meishan breed 
of pig, human, rabbit, mouse, rat, cattle and sheep, whereas the proline was only 
present in the Large White and Landrace breeds of pig. This high level of 
conservation most likely indicates an important function of this site within the 
protein. 
The only variant of significance within the promoter regions was the microsatellite 
repeat and the function of these repeats in the porcine genome is unknown. The 
main sequence variant of interest was the SNP in exon 7, which encodes a change 
from a proline to a serine. The final experiment in this project investigated whether 
alleles at this SNP associated with a difference in prenatal survival and the resulting 
trait of litter size in the pedigree experimental crosses, were segregating within 
commercial breeding populations. I was fortunate to have access to a large dataset of 
over 4000 sows of varying breed origin with litter size records over several parities 
and corresponding DNA samples for genotyping. This number of animals should 
have given sufficient statistical power to detect any association between genotype 
and phenotype. Unfortunately it was not possible to test the trait of prenatal survival 
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directly as ovulation rate was not recorded for these sows. However litter size is a 
product of prenatal survival and it is therefore valid to search for an association 
between genotype of sows of varying breed origin and the trait of great commercial 
interest, litter size. 
The method of microarray genotyping was used to type these bialleic SNPs over 
DNA from all the sows. The SNP within intron 1 was independently genotyped and 
a total of 2650 sows were successfully typed for both of these SNPs. Using REML 
variance components analysis, there was found to be no association between the 
genotypes at either of these loci within SPP1 and litter size. It was found that as 
expected, there was a highly significant association between the breed origin of the 
sows and their litter size records. Interestingly the sows of 50 % Meishan origin had 
a much higher frequency of the less common allele at both SNP sites (base T at the 
SNP in exon 7 and base 0 at the SNP in intron 1), than the sows of Landrace, Large 
White, Duroc and mixed synthetic breed origin. All the purebred Meishan animals 
were seen to be homozygous for the allele T, at the SNP in exon 7 encoding the 
amino acid serine and all except two heterozygous (Gil) animals, were homozygous 
for the allele G at the SNP in intron 1. Therefore it could well be the case that these 
less common alleles at these two loci originated from the Meishan breed. It could be 
speculated that the alleles have been introduced into these European breeds from pigs 
of Meishan origin. The frequency of these "Meishan" alleles was lowest in the sows 
of Duroc origin, a breed that was introduced to the UK from Canada and the USA in 
the early 1980s (p//www.britishpigs.org.uk ). However there is no evidence to 
link the loci tested within SPP1 to the higher litter sizes seen in the Meishan, 
controlled through increased prenatal survival levels. 
The alleles at the studied SNPs in exon 7 and intron I were found to be in strong 
linkage disequilibrium. Future work could involve the investigation of association of 
other sites within the SPPJ gene and litter size in these commercial breeds, after first 
testing that the loci are not in linkage disequilibrium with these two loci. The control 
of gene expression operates at many levels and it would be worthwhile searching for 
recognition sites for gene specific regulatory proteins several kb upstream or 
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downstream of the promoter. Indeed in higher eucaryotes it is not unusual to find 
regulatory sequences as far away as 50 kb from the gene they control (Alberts et al., 
2002). It would also be worthwhile to utilise the comparative mapping information 
to search for other physiological candidate genes within the detected QTL region and 
to investigate these, one specific example being the gene SPARCL1. 
It was interesting to note that the SINE element in intron 6 appeared to be completely 
absent within the purebred Meishan animals. Therefore the commercial population 
of sows could be typed for the presence or absence of the SINE, using the same size 
separation method as described in section 6.3.1.1, to investigate whether this variant 
is associated with litter size or more likely whether the presence of this SINE is just 
an evolutionary artefact. In addition, the putative variants identified for this project 
were determined from copies of the gene from alternative chromosomes of a single 
F 1 Meishan x Large White boar. Therefore there may well be other variants present 
in different individuals of Meishan or Large White origin, that were not found within 
this particular boar. 
This project has focussed solely on porcine chromosome 8. There will of course be 
other loci throughout the porcine genome, which will explain differing amounts of 
the variation seen in prenatal survival levels between pig breeds. Both embryonic 
and uterine gene products participate in the control of conceptus growth and 
development (Simmen et al., 1990). However I will only outline a few possible 
maternal candidate genes, as it is the regulation by the sow during the pen-
implantation period, which is the most critical control of embryo survival in pigs 
(Roberts et al., 1993). These gene products include uteroferrin, which transports iron 
to the fetus (Bazer et al., 1991), retinol binding protein (RBP), which transports vital 
vitamin A to the fetus (Adams et al., 1981), IGF-I and IGF-II, which regulate 
endometrial growth and differentiation at the time of implantation (Simmen et al., 
1990), EGF receptors stimulated by EGF to secrete prostaglandin at the time of 
implantation (Zhang et al., 1992b) and antileukoproteinase, which maintains the 
placental cell membrane integrity (Farmer et al., 1990). 
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In addition, trypsin and chymotrypsin are believed to limit and prevent damage from 
proteolytic enzymes from the conceptus and may control trophoblast invasiveness 
(Fazleabas et al., 1982; Fazleabas et al., 1985 and (Mullins et at., 1980). Finally, 
kallikrein, a serine protease, may be involved with the timing of porcine conceptus 
expansion and placental attachment to the uterine surface (Vonnahme et at., 1999). 
All of these factors are secreted in the histotroph (uterine milk) from the 
endometrium during the pen-implantation period and help control embryo survival, 
development and successful implantation during this critical period of loss. Using a 
genomics approach to understand the genetic control of complex traits would require 
that such physiological candidate genes would only merit further investigation on the 
basis of positional information i.e. whether they map to a QTL for the trait of 
interest. 
This project has resulted in the production of a gene rich genetic map of porcine 
chromosome 8 and a detailed comparative map between HSA4 and SSC8. In 
addition the entire sequence of SPPJ from Meishan and Large White origin is now 
known. This gene is a strong physiological as well as positional candidate gene 
involved in the control in the variation in prenatal survival during the pen-
implantation period, seen between these two breeds. However, there was no 
evidence to suggest that the two SNPs identified at either end of this gene are 
associated with variation in the resulting trait of litter size within commercial 
breeding populations. 
The markers that define the QTL region around this gene can be used for marker-
assisted selection in the meantime, however the identification of the causal locus or 
loci underlying the genetic variation would provide a more powerful tool for 
improving the reproductive performance of commercial sows. It is therefore hoped 
that future investigations will be performed, that will narrow down the candidate 
region even further than has been possible within this project. 
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Protocols for reagent preparation: 
PCR and gel electrophoresis 
• 20x TBE buffer: 216g Tris Base, 1 lOg Boric acid and 16.6g disodium EDTA per 
1000ml. Use double distilled water and store in the dark. 
• T10E 1 : lOml 1M Tns and 2m1 0.5M EDTA per 1000ml (pH 8). Use double distilled 
water, autoclave and store at room temperature. 
• 6x loading buffer: Add a couple of grains of bromophenol blue to 25 ml of 40% 
sucrose 
• 40% sucrose: lOg sucrose per 25m1. Use distilled water, mix and heat to dissolve. 
Filter and autoclave. 
• 50x EB buffer: 242g Tris Base, 18.61g disodium EDTA and 57.1ml acetic acid per 
1 000ml. Use double distilled water. 
Radiation hybrid mapping 
• 1M Tris HCL pH 8.8: (Molecular weight 121.14). 60.57g Tris Base per 500m1. Use 
distilled water, mix and adjust pH to 8.8 with concentrated hydrochloric acid. 
Autoclave. 
• 0.5M EDTA pH 8.0: (Molecular weight 372.24). 37.224g EDTA (disodium salt) per 
200m1. Use distilled water, mix and titrate to pH 8.0 with sodium hydroxide pellets. 
Autoclave. 
• T10E0. 1 : lOmi 1M Tris and 200p1 0.5M EDTA per 1000ml (pH 8). Use double 
distilled water, autoclave and store at room temperature. 
• 0.845 mg/mI Creosol red in T 10E01 : 0.0845g creosol red per lOOml T 10E o.• 
Autoclave and store in dark at 40  C 
• 1 M sodium hydroxide (NaOH): (Molecular weight 40). 4g NaOH per lOOmI. Use 
distilled water and stir to dissolve. 
• Dilution buffer: 320m1 T10E 0. 1, 5.2ml 0.845 mg/ml Creosol red in T 10E0. 1 and 0.56ml 
lM NaOH per 1000ml. Use distilled water and autoclave. 
Southern Hybridisation 
• Aqueous Prehybridisation/Hybridisation (APR) solution: 7% w/v SDS, 0.5M 
Na2HPO4 , pH 7.2 and 1mM EDTA, stored at 65° C 
• 1M disodium hydrogen orthophosphate (Na2PO 4) (pH 7.2):142g anhydrous 
Na2HPO4 and 8ml 85% orthophosphoric acid. Use double distilled water, filter, 
autoclave and store at room temperature 
• Wash 1: 2x SSC, pH 7.0 and 0.1% SDS 
• Wash 2: 0.5x SSC, pH 7.0 and 0.1% SDS 
• 20x SSC (pH 7.0) :175.3g NaCl and 88.2g NaCitrate per 1000ml. Use double distilled 
water, autoclave and store at room temperature 
Luria-Bertani media 
• LB bottom agar: lOg tryptone, 5g yeast extract, 5g NaCl and 15g bacto agar per 
1000ml. Autoclave and store at 60° C or re-melt when required. 
• LB broth: 1 Og tryptone, 5g yeast extract and 5g NaCl per 1 000ml. Autoclave 
Microarray 
• 4x salt buffer: 195.6 ml Na2HPO4, 4.4 ml NaH2PO4 and 80 .tl 10 % SDS 
• 20x SSC (pH 7.0) :175.3g NaCl and 88.2g NaCitrate per 1000ml. Use double distilled 




Alignment of complete sequence of SPPI from Large White (LW) and Meishan (MS) breed origin. Key features of the gene and 
differences between the two sequences are highlighted. 
* 	20 	 * 	40 	 * 	60 	 * 	80 	 * 	100 
LW GTCTTTCCTTTGAGGGAGACCAGCTCTTGAGCGAGTGTGGGAAGCGGGGAAGGAGCCCATCACGTCCACCTGCGGTTGCTAAAGACAACA : 100 
MS 	----------- GTCTTTCCTTTGAGGGAGACCAGCTCTTGAGCGAGTGTGGGAAGCGGGGAAGGAGCCCATCACGTCCACCTGCGGTTGCTAAAGACAACA : 90 
* 	120 	 * 	140 	 * 	160 	 * 	180 	 * 	200 
LW GAGCAGAAAAGAACGCTCTGCTTCTCTTGGCCTCCGTGTTCCCTGTTAATGTGTAGCGCGTCGTTGTTGGGAAATAGTTCCTCACCTGACTTTCCAAGAA 200 
MS GAGCAGAAAAGAACGCTCTGCTTCTCTTGGCCTCCGTGTTCCCTGTTAATGTGTAGCGCGTCGTTGTTGGGAAATAGTTCCTCACCTGACTTTCCAAGAA: 190 
* 	220 	 * 	240 	 * 	260 	 * 	280 	 * 	300 
LW ATGGAGGGCCTCACAGTTGTTTGATGGCTCGGTCATTAAATGCATGATCGTTCCGTCCTGCCGGAGTCACTGACGGAACCAGACCGTGGTCTCAGGTCCT 300 
MS 	: ATGGAGGGCCTCACAGTTGTTTGATGGCTCGGTCATTAAATGCATGATCGTTCCGTCCTGCCGGAGTCACTGACGGAACCAGACCGTGGTCTCAGGTCCT: 290 
* 	320 	 * 	340 	 * 	360 	 * 	380 	 * 	400 
LW TCTCCGAAATGCTGCCATCGTGTGGCA CTCGGAGCCATGACCGGAAGAGCCCTATGGGTCATATGGTTCAGCGCAGGGTGGCTGG CTCCAGCAGAATC : 400 
MS TCTCCGAAATGCTGCCATCGTGTGGCA CTCGGAGCCATGACCGGAAGAGCCCTATGGGTCATATGGTTCAGCGCAGGGTGGCTGG CTCCAGCAGAATC : 390 
* 	420 	 * 	440 	 * 	460 	 * 	480 	 * 	500 
LW TATTCCTATAACTGTCTACGTTCATATTAGACCATTCCCGTGGGCACAGAGTA1ACCATAGTGAATCCTGCGGAAATCTTGGCTGTTTAGAATTTGTG : 500 
MS 	: TATTCCTATAACTGTCTACGTTCATATTAGACCATTCCCGTGGGCACAGAGTAAACCATAGTGAATCCTGCGGAAATCTTGGCTGTTTTTAGAATTTGTG: 490 
* 	520 	 * 	540 	 * 	560 	 * 	580 	 * 	600 
LW :AACTTCCCTCCACGACACTGACAATATGACAAACTTAAGTGAGTAATGTGTTTAAAGGGAAAAAACAGTTTTTAAGAGCAGAAATGAGAAATCTGGTTTT: 600 
MS AACTTCCCTCCACGACACTGACAATATGACAAACTTAAGTGAGTAATGTGTTTAAAGGGAAAAAACAGTTTTTAAGAGCAGAAATGAGAAATCTGGTTTT: 590 
* 	620 	 * 	640 	 * 	660 	 * 	680 	 * 	700 
LW :GCAACCTGATAACCTGTGTACTTTATATTTTATAGAGACAGCTGCCATCCGAATTATTAAAATGTGTGCTTAGCACTCACAAAGCAACAATATCAATTCA: 700 
MS GCAACCTGATAACCTGTGTACTTTATATTTTATAGAGACAGCTGCCATCCGAATTATTAAAATGTGTGCTTAGCACTCACAAAGCAACAATATCAATTCA: 690 
* 	720 	 * 	740 	 * 	760 	 * 	780 	 * 	800 
LW TTTGATGCATCCAPTGAAGTGACATTTCCACCCAkCAAATCTATGGATTAArrATACTAGCACTGCAfiAATTGCTTAACCTGTATTTATGTT 800 
MS TTTGAAATGCATCCAATTTGAAAGTGACATTTCCACCCAACAAATCTATGGATTAATTATACTAGCACTGCAAAAAAATTGCTTAACCTGTATTTATGTT 790 
* 	820 	 * 	840 	 * 	860 	 * 	880 	 * 	900 
LW AAAATGAATATTTGGTAAATAGGAACTGACTCCTTAGGACTAATAATAAATAGGACCATTTATCTTCAGTCTCATCTTACACGTGAGTCTTACAGTGGAG: 900 
MS AAAATGAATATTTGGTAAATAGGAACTGACTCCTTAGGACTAATAATAAATAGGACCATTTATCTTCAGTCTCATCTTACACGTGAGTCTTACAGTGGAG: 890 
* 	920 	 * 	940 	 * 	960 	 * 	980 	 * 	1000 
LW GTGTGAGATAAATGACTACTGCAAGCTCCTTTCACAACTGAGAAAGGGAGATGAAGAGGGTAAGTAACGTCAAACAATATTAAATGTTTCAAATGGGCTC 1000 
MS : GTGTGAGATAATGACTACTGCAAGCTCCTTTCACAACTGAGAAGGGAGATGAAGAGGGTAAGTAACGTCAACAATATTAATGTTTCAAATGCTC 990 
* 	1020 	 * 	1040 	 * 	1060 	 * 	1080 	 * 	1100 
LW AGAGCTCTACTACCCTGAACTTTGTTCCAATATTCAACTTTCATCTCCAGTTTTCTTTCAAACACTTTTTCAATACCCAGTAAAGTTTTTTAATATAAAA 1100 
MS AGAGCTCTACTACCCTGAACTTTGTTCCAATATTCAACTTTCATCTCCAGTTTTCTTTCAAACACTTTTTCAATACCCAGTAAAGTTTTTTAATATAAAA 1090 
* 	1120 	 * 	1140 	 * 	1160 	 * 	1180 	 * 	1200 
LW TTTTATATTTAATTTTCATTTAAGTAACCAACTTTATATATCCTGGGAAAAAACACTAGAAAAAGACAGTTCAGAAACCTAATCCATTCCCGCAGATGTG: 1200 
MS TTTTATATTTAATTTTCATTTAAGTAACCAACTTTATATATCCTGGGAAAAAACACTAGAAAAAGACAGTTCAGAAACCTAATCCATTCCCGCAGATGTG: 1190 
* 	1220 	 * 	1240 	 * 	1260 	 * 	1280 	 * 	1300 
LW : TGCCAATTAGCCTGTTGATGTGCACAGTTTAAAAA GCTACATCTGGAGTTCCCATTTGTGGCTCAGCGATAATGCATCTGACTACTATCCATGAGGACA : 1300 
MS : TGCCAATTAGCCTGTTGATGTGCACAGTTTAAAAA GCTACATCTGGAGTTCCCATTTGTGGCTCAGCGATAATGCATCTGACTACTATCCATGAGGACA 1290 
* 	1320 	 * 	1340 	 * 	1360 	 * 	1380 	 * 	1400 
LW CAGGTTCGATCTCTGGCCTCCATCAGTGGGTTAAGGATTCAGCATTGCTATGACCT TGGTGTAGTTCGCAGACATGGCTCCAATCTGGCGTGGCTGTGG : 1400 
	
MS CAGGT]CGATCTCTGGCCTCCATCAGTGGGTTAAGGATTCAGCATTGCTATGACCT TGGTGTAGTTCGCAGACATGGCTCCAATCTGGCGTGGCTGTGG 	1390 
* 	1420 	 * 	1440 	 * 	1460 	 * 	1480 	 * 	1500 
LW CTGTGGTGCAGGCCAGCAGGTGCAGCTCCGATTCA CCCCTAGCCTGGGAACTTCCATGTGAA CATGTGCAGCCCTTAAAAAAAAAACAACCAAAAAAC : 1500 
MS CTGTGGTGCAGGCCAGCAGGTGCAGCTCCGATTCA CCC CTAGCCTGGGAACTTCCATGTGAA CATGTGCAGCCCrAAAAAAAAAACAACCAAAAAAC 	1490 
* 	1520 	 * 	1540 	 * 	1560 	 * 	1580 	 * 	1600 
LW CTTACATCTGGTCGCATTTTAATAGCCTATTCCATTTAAAGATTCACAAATCATGACTACCTGTTCCTCCTAAAAATTTTAATAATAATTAACACATTAT 	1600 
MS :CTTACATCTGGTCGCATTTTAATAGCCTATTCCATTTAAAGATTCACAAATCATGACTACCTGTTCCTCCTAAAAATTTTAATAATAATTAACACATTAT: 1590 
* 	1620 	 * 	1640 	 * 	1660 	 * 	1680 	 * 	1700 
LW : ACAGN'TAAPATATGCAAGGCATTTGCATATATGTGCCAA TATCATTAGTTTTACACACACTAATTCACTTAAACCTCTCAAAACCTCCATGAACAAGG 	1700 
MS : ACAGI1TAAAATATGCAAGGCATTTGCATATATGTGCCAA TATCATTAGTTTTACACACACTAATTCACTTAAACCTCTCAAPACCTCCATGAACAAGG 1690 
* 	1720 	 * 	1740 	 * 	1760 	 * 	1780 	 * 	1800 
LW : TAATAGCATGCATATTPGACAGATGAAGAAACTGGTATAGAAAGGCTCAGTGATTTGCCCAA GTTACAGGGCTAATTAGCAGCAGGATGGCAGGCAAAG : 1800 
MS 	: TAATAGCATGCATATTTGACAGATGAAGAAACTGGTATAGAAAGGCTCAGTGATTTGCCCAA GTTACAGGGCTAA'I1AGCAGCAGGATGGCAGGCAAAG : 1790 
* 	1820 	 * 	1840 	 * 	1860 	 * 	1880 	 * 	1900 
LW CCACGTCTTGTTTCTGAAGCATCACTTTCAAGCAGTAACCCTGCCCTCAGTCAGAAACTGCTTGACTTCTGCCACATTGAGAATAAATTACCATTCTTCT 1900 
MS 	: CCACGTCTTGTTTCTGAAGCATCACTTTCAAGCAGTAACCCTGCCCTCAGTCAGAAACTGCTTGACTTCTGCCACATTGAGAATAAATTACCATTCTTCT 1890 
* 	1920 	 * 	1940 	 * 	1960 	 * 	1980 	 * 	2000 
LW : GTCTGACATAGCAATTATCAGATTCATCACCTCCAAACCATTCAAAAATCCATGTCCTTGAAAGGTCTCGGATTTACAATGGTAAATCCGATTTTA A 2000 
MS GTCTGACATAGCAATTATCAGATTCATCACCTCCAAACCATTCAAAAATCCATGTCCTTGAAAGGTCTCGGATTTACAATGGTAAATCCGATTTAATA A : 1990 
* 	2020 	 * 	2040 	 * 	2060 	 * 	2080 	 * 	2100 
LW CATGAACGTGGATTTGAACGTGACCAATGCCACTTGTCTAAATGACAAGCTGCTGCACATTTGGAATCACAAAACAGAGCTTTAGTCGAAATGGAGAGAA: 2100 
MS CATGAACGTGGATTTGAACGTGACCAATGCCACTTGTCTAAATGACAAGCTGCTGCACATTTGGAATCACAAAACAGAGCTTTAGTCGAAATGGAGAGAA: 2090 
* 	2120 	 * 	2140 	 * 	2160 	 * 	2180 	 * 	2200 
LW GCTGGCAGAACTCTTTGTGTGCCTGAACAATATAGCCTTGTCGCCAGAAATAAGTACAACTGTAAGGCAAACTTGGGCATATATTACCTTAATCTGTT : 2200 
MS :GCTGGCAGAACTCTTTGTGTGCCTGAACAATATAGCCTTGTCGCCAGAAATAAGTACAACTGTAAGGCAAACTTGGTTGCATATATTACCTTAATCTGTT: 2190 
* 	2220 	 * 	2240 	 * 	2260 	 * 	2280 	 * 	2300 
LW ATTTCAACCAAAAGAAACAAAAATCCATCCTATTTAATTCTATTTAGGACTGATTTCTGTAATATTTTTI'CTTCTAATTCAGAG TAATATAGTCTTTGT : 2300 
MS ATTTCAACCAAAAGAAACAAAAATCCATCCTATTTAATTCTATTTAGGACTGATTTCTGTAATATTTTTrCTTCTAATTCAGAG TAATATAGTCTTTGT : 2290 
* 	2320 	 * 	2340 	 * 	2360 	 * 	2380 	 * 	2400 
LW :AAGAACTAGTCATTTCTCTCCCCGCCCCCCGCTTTTTTAGGGGACCCAGAGATGCCCTTCCAGGATGCTGAGAGCCAATCCTATTCACGAAAAAGCTAGT: 2400 
MS AAGAACTAGTCATTTCTCTCCCCGCCCCCCGCTTTTTTAGGGGACCCAGAGATGCCCTTCCAGGATGCTGAGAGCCAATCCTATTCACGAAAAAGCTAGT: 2390 
* 	2420 	 * 	2440 * 	2460 	- 	* - 	2480 	- 	* 2500 
LW : TAATGACATTGTACATAAGTA1TGTTTTAACTGCAGAGGGGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT 2485 
MS - 	- 2490 
* 	2520 	 * 	2540 	 * 	2560 	 * 	2580 	 * 	2600 
LW TGTAACCACAAAACCAGAGGGGGAAGTGTGGGAGCAAGTGGGTTGGGCAGTGGCACAAACCTCATGACACATCTCTCCGCCCCCTGTGTTGGTGG 2580 
MS : 	TGTAACCACAAAACCAGAGGGGGAAGTGTGGGAGCAAGTGGGTTGGGCAGTGGCACAAACCTCATGACACATCTCTCCGCCCCCTGTGTTGGTGG : 2590 
* 	2620 	 * 	2640 	 * 	2660 	 * 	2680 	 * 	210) 
LW 	: CGGATGTCTGGTGCAGCCTTTAAATTCAGGGGAGGTCCAGGCTGTCAGCAGCGAGCGGAGGCCAGAGGGCAGCACTGACAGCCGCATCAGCATTGCTCCC: 2680 
MS 	: CGGATGTCTGGTGCAGCCTTTAAAP1'CAGGGGAGGTCCAGGCTGTCAGCAGCGAGCGGAGGCCAGAGGGCAGCACTGACAGCCGCATCAGCATTGCTCCC 2690 
* 	2720 	 * 	2740 	 * 	2760 	 * 	2780 	 * 	2800 
LW : GGGACTGGACTCTTCGCGGGGCTGCAGACCAAGGTAAGCCTACAGCCCGCTGATGGTTGCTGTCGTAGG AGGCACTGTTTCATT'FCACGGGGAAGGTCA 2780 
MS : GGGACTGGACTCTCGCGGGGCTGCAGACCAAGTAAGCCTACAGCCCGCTGATGGTTGCTGTCGTAGG AGGCACTGTPCATTTCACGGGGAAGGTCA 2790 
* 	2820 	 * 	2840 	 * 	2860 	 * 	2880 	 * 	2900 
LW AGTTGTCAGGAGAAGGGTTTAACCGCAAACGCTGGTAATCAGACTTAAAATTGTTCTAAGAGTCTTTCC ACAAGCATGTCAGATCCAGGCCAGATCTCC 2880 
MS AGTTGTCAGGAGAAGGGTTTAACCGCAAACGCTGGTAATCAGACTTAAAATTGTTCTAAGAGTCTTTCC ACAAGCATGTCAGATCCAGGGCAGATCTCC 2890 
* 	2920 	 * 	2940 	 * 	2960 	 * 	2980 	 * 	3000 
LW TGCGGGAAAGGTGACTGGCTATTTTGAAAGACAGTCAAATATAAAACTTAAAAATATGTCCACGGAGTCCTCAAAAGAATTATAACTACTTCTTGCCATC 2980 
MS TGCGGGAAAGGTGACTGGCTATTTTGAAAGACAGTCAAATATAAAACTTAAAAATATGTCCACGGAGTCCTCAAAAGAATTATAACTACTTCTTGCCATC: 2990 
* 	3020 	 * 	3040 	 * 	3060 	 * 	3080 	 * 	3100 
LW AGAAAAAAAATAAAATTCTATGCCTATGTATTATATGTAGCTACGATGGTATCTGCATCATTTTAAATGGACAGTTGATGGTGGAGACATTTAGAAGGAA: 3080 
MS :AGAAAAAAAATAAAATTCTATGCCTATGTATTATATGTAGCTACGATGGTATCTGCATCATTTTAAATGGACAGTTGATGGTGGAGACATTTAGAAGGAA: 3090 
* 	3120 	 * 	3140 	 * 	3160 	 * 	3180 	 * 	3200 
LW AATAATATTTAGTGGTAATGTTAAGCTGGTGATAATGCTAATTTTTAATGACTTGACTTACCTGTTTTCAAGGGAAAGAAACCCTTTCTGAATATTTTCA: 3180 
MS AATAATATTTAGTGGTAATGTTAAGCTGGTGATAATGCTAATTTTTAATGACTTGACTTACCTGTTTTCAAGGGAAAGAAACCCTTTCTGAATATTTTCA: 3190 
* 	3220 	 * 	3240 	 * 	3260 	 * 	3280 	 * 	3300 
LW :CCCCTGTATTTAGCTGTTAACATTTTCACCAAAATACCCACATGACATTATGAAGACTTACAAATAGAAAGGCTGTGAACTGCTCTCAGTGTTTAATTTT: 3280 
MS CCCCTGTATTTAGCTGTTAACATTTTCACCAAAATACCCACATGACATTATGAAGACTTACAAATAGAAAGGCTGTGAACTGCTCTCAGTGTTTAATTTT 3290 
* 	3320 	 * 	3340 	 * 	3360 	 * 	3380 	 * 	3400 
LW TCATTTCAAATTTTAGAACACCTTACTTAAATTACTAACTCTAGAGACAGCTTCATTTCACTTAAGTAGCACCTTTTAAATAATTTAAGCTGAAAAATCG: 3380 
MS TCATTTCAAATTTTAGAACACCTTACTTAAATTACTAACTCTAGAGACAGCTTCAT1CACTTAAGTAGCACCTTTTAAATAATTTAAGCTGAAAAATCG 3390 
* 	3420 	 * 	3440 	 * 	3460 	 * 	3480 	 * 	3500 
LW CCCTTGAAATGCATGCTGGAAAATGGAGACAGCAAGTTTCTTTCTCTCTTTCCTTTTATTTTCCCTCTTTCTCTTTGTATTTTTCGTCTTTGAAAAAAAA: 3480 
MS CCCTTGAAATGCATGCTGGAAAATGGAGACAGCAAGTTTCTTTCTCTCTTTCCTTTTATTTTCCCTCTTTCTCTTTGTATTTTTCGTCTTTGAAAAAAAA: 3490 
* 	3520 	 * 	3540 	 * 	3560 	 * 	3580 	 * 	3600 
LW TGTGTTCCCCTTCTAGCTTATTATTTTAATTAAATTACTGTTGATCTGTTTTTAGGTTTAGATGGCTGGAGATATCGGGTAGTGATGGCATATCTCTGA 3579 
MS TGTGTTCCCCTTCTAGCTTATTAT'PTTAATTAAATTACTGTTGATCTGTTTTTAGGTTTAGATGGCTGGAGATATCGGGTAGTGATGGCATATCTCTGA : 3590 
* 	3620 	 * 	3640 	 * 	3660 	 * 	3680 	 * 	3700 
LW AACTCTACATTTTAAAGGGGACTAAATAAGACTTGTATGTAATCCCCCTCTCTCTTGCCTAACAGTAAGAGATGGAAAATAGAGGTGCCCTAACAAATAT: 3679 
MS AACTCTACATTTTAAAGGGGACTAAATAAGACTTGTATGTAATCCCCCTCTCTCTTGCCTAACAGTAAGAGATGGAAAATAGAGGTGCCCTAACAAATAT 3690 
* 	3720 	 * 	3740 	 * 	3760 	 * 	3780 	 * 	3800 
LW TAACTCAAAGGATCATAAAATTAAAAAGAAAAAATTTTTCTCTAAGTAGTAGAGAGTATTTCTATAGGAAAAATATATATATATAT TI'TTCGTGATTA : 3779 
MS TAACTCAAAGGATCATAAAATTAAAAAGAAAAAATTTTTCTCTAAGTAGTAGAGAGTATTTCTATAGGAAAAATATATATATATAT TTTTTCGTGATTA : 3790 
* 	3820 	 * 	3840 	 * 	3860 	 * 	3880 	 * 	)QQ 
LW TTTTGTAATGTGGTGGCTTGAAAAGATGTCATTGTTTTAACCTAGGAGAAGATCAAATATTTCTTACAAAATATTTTGCAGGAAAATCATTA(-'CWGA 3879 
MS : TTTTGTAATGTGGTGGCTTGAAAAGATGTCATTGTTTTAACCTAGGAGAAGATCAAATATTTCTTACAAAATATTTTGCAGGAAAAPCATTAC 	GP : 3890 
9: 0 	 940 	 3960 	 * 	3980 	 * 	•1 uou 
LW 3979 
MS 3990 
Start secreted protein 
* 	4020 	 * 	4040 	 * 	4060 	 4000 	 4100 
LW : 4079 
MS : 4090 
* 	4120 	 * 	4140 	 * 	4160 	 * 	4180 	 * 	4200 
LW : TGAGTATCTTTAAGGTTTATCATCTGGTTAAATTGTCGATGCCACTGGTGCAAGATATACTACAAACATA GGCAATTTTACTTATTTCATAGTTAAACA : 4179 
MS TGAGTATCTTTAAGGTTTATCATCTGGTTAAATTGTCGATGCCACTGGTGCAAGATATACTACAAACATA GGCAATTTTACTTATTTCATAGTTAAACA : 4190 
* 	4220 	 * 	4240 	 * 	4260 	 * 	4280 	 * 	4300 
LW AAATAAGTTAGAAGTATGTATTGAATGCCTGCTACGGTTCTAGGCCAGTACCACGCACAGGATTGCTTTTAATTACTGTCATCTCCTAAAACCAAACTAA 4279 
MS : AAATAAGTTAGAAGTATGTATTGAATGCCTGCTACGGTTCTAGGCCAGTACCACGCACAGGATTGCTTTTAATTACTGTCATCTCCTAAAACCAAACTAA: 4290 
* 	4320 	 * 	4340 	 * 	4360 	 * 	4380 	 * 	4400 
LW ATATTTTAATAGAATAAAATCTTGCTCTGGGCCATTATCATTTACGTAAAATGAGTTCTATGAACTTGTGTGGTTTTTTGTTCCCATGAGTCAACACACT 4379 
MS :ATATTTTAATAGAATAAAATCTTGCTCTGGGCCATTATCATTTACGTAAAATGAGTTCTATGAACTTGTGTGGTTTTTTGTTCCCATGAGTCAACACACT 4390 
* 	4420 	 * 	4440 	 * 	4460 	 * 	4480 	 * 	4500 
LW GTTCCAGTAGCACGAAATTCCATCTTTTGCTGTACTTGGGGGCAGGTCAAGTTTAAAATTCACCTCACA ATTGGTG GTTGGTATAACCAGAACAGTCC : 4479 
MS GTTCCAGTAGCACGAAATTCCATCTTTTGCTGTACTTGGGGGCAGGTCAPGTTTAAAATTCACCTCACA ATTGGTG GTTGGTATAACCAGAACAGTCC : 4490 
* 	4520 	 * 	4540 	 * 	4560 	 * 	4580 	 * 	4600 
LW 	: CAAGAGCTCCTAAGATATTTGCTGAGAAGGCCATCATAAAAAGAAAATCTATAGGCAGCAAGGTCCTACTGCAGAGCAAAGGGAACTATATCCAATCTCC 4579 
MS CAAGAGCTCCTAAGATATTTGCTGAGAAGGCCATCATAAAAAGAAAATCTATAGGCAGCAAGGTCCTACTGCAGAGCAAAGGGAACTATATCCAATCTCC 4590 
* 	4620 	 * 	4640 	 * 	4660 	 * 	4680 	 * 	4700 
LW TGGGATAGACCA GATGGAAAAT ATATTTTAAAAGAATTTACTGAGTCC TTTGCAGTACAGCAGAAATTGGCACAACATC TAAACCAACTATACATT : 4678 
MS TGGGATAGACCA GATGGAAAAT ATATTTTAAAAGAATTTACTGAGTCC TTTGCAGTACAGCAGAAATTGGCACAACATC TAAACCAACTATACATT 4690 
* 	4720 	 * 	4740 	 * 	4760 	 * 	4780 	 * 	4800 
LW AATTTI'TTAAAGAGAACAAAAGGAATGATATAAAATTTCTATTGATTATAGGG AAAAAGGAAGTCTATTTATGCTGTTTATATCCGCTGTGCTTGTCAG 4778 
MS AATTTTTTAAAGAGAACAAAAGGAATGATATAAAATTTCTATTGATTATAGGG AAAPAGGAAGTCTATTTATGCTGTTTATATCCGCTGTGCTTGTCAG : 4790 
* 	4820 	 * 	4840 	 * 	4860 	 * 	4880 	 * 	4900 
LW ATGACTTCAGATCACATrTTTCTCACCAGGC TAAAACCAAGGC AACTCTTGATTACAATGATTTGTAGCGCCATTGATGTACTGCCCCTCCCACCAGA : 4878 
MS : ATGACTTCAGATCACATTTTTCTCACCAGGC TAAAACCAAGGC AACTCTTGATTACAATGATTTGTAGCGCCATTGATGTACTGCCCCTCCCACCAGA : 4890 
* 	4920 	 * 	4940 	 * 	4960 	 * 	4980 	 * 	5000 
LW GGGGAAACCGTGCCAGCCAGGCAACAGGCGGGCATTGTCCCAGGGAGCTTGGACAAAAAGGCACACAGAGTTCAATTCCAGAAGAACAGAATAAAGGCCA 4978 
0O 	 MS : GGGGAAACCGTGCCAGCCAGGCAACAGGCGGGCATTGTCCCAGGGAGCTTGGACAAAAAGGCACACAGAGTTCAATTCCAGAAGAACAGAATAAAGGCCA 4990 
* 	5020 	 * 	5040 	 * 	5060 	 * 	5080 	 * 	5100 
LW : GTAGAGAGCTGCCTGGGGTCACACCGCAGTGAGATGGCTTAAAGAAGATGTTAGGAGACGTATCGCTG GTGTGTTTGGGCGTGCAAGTGGGTGTGTGTG : 5078 
MS : GTAGAGAGCTGCCTGGGGTCACACCGCAGTGAGATGGCTTAAAGAAGATGTTAGGAGACGTATCGCTG GTGTGTTTGGGCGTGCAAGTGGGTGTGTGTG : 5090 
* 	5120 	 * 	5140 	 * 	5160 	 * 	5180 	 * 	5200 
LW : AGTGTGTCTGTTTTCCAAACTGAGTTAAGAGCACAAGTACTGAATCACAGTAAGAAGCCAGAAAAGTAATATTTGCAGAGAAGACAGGGGTCA GCTCTT : 5178 
MS : AGTGTGTCTGTTTTCCAAACTGAGTTAAGAGCACAAGTACTGAATCACAGTAAGAAGCCAGAAAAGTAATATTTGCAGAGAAGACAGGGGTCA GCTCTT : 5190 
* 	5220 	 * 	5240 	 * 	5260 	 * 	5280 	 * 	5300 
LW TAAGGCAGGACTTTGTGCCTTTTTAATAGACTAAACTATGGCCCAGGAAGCCGTGGCAGTGTCAGTTGTTCACTGACACTTGGGAGATAAGTAAAGAGTT : 5278 
MS : TAAGGCAGGACTTTGTGCCTTTTTAATAGACTAAACTATGGCCCAGGAAGCCGTGGCAGTGTCAGTTGTTCACTGACACGGGAGATAAGTAAAGAGTT : 5290 
* 	5320 	 * 	5340 	 * 	5360 	 * 	5380 	 * 	5400 
LW : GAGCCTTCTAGAATCCTAGAA TC 	GGTAGGPLAATATGGAAAGTCTCTAAAGAGAACCP CAAAGAGGAACACTGGTTACCTATGAGTGATTTT : 5378 
MS : GAGCCTTCTAGAATCCTAGAA TIC GGTAGGAAATATGGAAAGTCTCTAAAGAGAACCT CAAAGAGGAACACTGGTTACCTATGAGTGATTTT : 5383 
* 	5420 	 * 	5440 	 * 	5460 	 * 	5480 	 * 	5500 
LW 	AGTTTGTTTTTCTTATCCATAT TTCTTTCTTTCTGTCATTTTAGGCTGCACCAGCAGCATAGGGAGGCTCCCGCTAGGGGTCGTCAGCTGCA 5478 
MS AGTTTGTTTTTCTTATCCATAT TTCTTTCTTTCTGTCATTTTAGGGCTGCACCAGCAGCATAGGGAGGCTCCCAAGCTAGGGGTCGTCAGAGCTGCA 5483 
* 	5520 	 * 	5540 	 * 	5560 	 * 	5580 	 * 	5600 
LW : GCAGCTGACCTACACCACAGCCACACAA GTTGTATGTGCAGTCTCCAC GCAGCTCA GGCAATGCCGGATCCTTGACCCACTGAGTG : 5578 
MS 	GCAGCTGACCTACACCACAGCCACACAA 	 GTTGTATGTGCAGTCTCCAC GCAGCTCA GGCAATGCCGGATCCTTGACCCACTGAGTG : 5571 
* 	5620 	 * 5640 	 * 	5660 	 * 	5680 	 * 	5700 
LW : AGGCCAGGGATCAAACCTGCATCCTCGTGGATACTAGTC GGTTTGTTACCACTAAG CACAGTGGGAACTCCGGTTCTATTTAAM.TTATACATTTATC : 5678 
MS 	AGGCCAGGGATCAAACCTGCATCCTCGTGGATACTAGTC GGTTTGTTACCACTAAG CACAGTGGGAACTCCGGTTCTATTTAAAATTATACATTTATC : 5671 
* 	5720 	 * 	5740 	 * 	5760 	 * 	5780 	 * 	5800 
LW : CTATAAATATAGAAAAGCCTGTATTACACCTATCATCCAAPATGTATAAMTACATCGAAGATPACATATTTATGCPTATAGCATTTA GTAAATCTAT 5778 
MS : CTATAP.ATATAGAAAAGCCTGTATTACACCTATCATCCAAATATGTATAAAATACATCGAAGATAACATATTTATGCATATAGCATTTA GTAAATCTAT : 5771 
* 	5820 	 * 	5840 	 * 	5860 	 * 	5880 	 * 	5900 
LW : ATTTTAAAGAAAAGAAAGAGGGAACTTGTAAACTCAACT GGCCAGTAGGTTTCACATCTTTTAATTCCAGGAGCCCCTTCTTTGAGCAA AGCTTTCAC 5878 
MS 	ATTTTAAAGAAAAGWGAGGGAACTTGTAAACTCAACT GGCCAGTAGGTTTCACATCTTTTAATTCCAGGAGCCCCTTCTTTGAGCAA AGCTTTCAC : 5871 
* 	5920 	 * 	5940 	 * 	5960 	 * 	5980 	 * 	6000 
LW 	AGAGGCC GATATGAAGCTGCTCTGATTGAAGCCAGCCATGGGAAACCCAAAGGGCTACCGACTGGTTTCCTTCCTGCTTGTCCCCTCCTTGGTGGCTCT 5978 
MS AGAGGCC GATATGAAGCTGCTCTGATTGAAGCCAGCCATGGGAAACCCAAAGGGCTACCGACTGGTTTCCTTCCTGCTTGTCCCCTCCTTGGTGGCTCT : 5971 
* 	6020 	 * 	6040 	 * 	6060 	 * 	6080 	 * 	6100 
LW : GAA GAGCTCTTGGAAACCCC GGGTAATCGTTTTCAGTGGCAGAAATGTGAAGTGATTACCCTGGGCCATGCAGCCTGCCCGATGACACCTGTTCATTG 6077 
MS : GAA GAGCTCTTGGAAACCCC GGGTAATCGTTTTCAGTGGCAGAAATGTGAAGTGATTACCCTGGGCCATGCAGCCTGCCCGATGACACCTGTTCAG : 6071 
* 	6120 	 * 	6140 	 * 	6160 	 * 	6180 	 * 	6200 
LW 	CAATCCGTTCCTAGCATATTATTGCCATGTTCCAGAAAAACGACTTGTCTACATAAAAGGCCTTCCCATTC TGCCTTIGGCACCTTAAAGCAGTAAA 6177 
MS CAATTTCCGTTCCTAGCATATTATTGCCATGTTCCAGAAAAACGACTTGTCTACATAAAAGGCCTTCCCATTC TGCCTGGCACCTTAAAGCAGTAAA : 6171 
* 	6220 	 * 	6240 	 * 	6260 	 * 	6280 	 * 	6300 
LW : ATATTAGATTTCTGACTGTCCACTGGGGTGCCACTAGACCCATGTGACCAGCGAACACTCAAAATGTAGGCTGTGCCGTGGAGGAACTAAATTTGTTTAA: 6277 
MS ATATTAGATTTCTGACTGTCCACTGGGGTGCCACTAGACCCATGTGACCAGCGAACACTCAAAATGTAGGCTGTGCCGTGGAGGAACTAAATTTGTTTAA: 6271 
* 	6320 	 * 	6340 	 * 	6360 	 * 	6380 	 * 	6400 
LW ATCAACTTCAATTTAAAGA CCATATGTrIVPCGTGGCCACCAAAGCCATGGAGAGTTTCTTCCTTGTTCCATAGAGAAPGAAAACAAGGAAGAGCAGGGCT : 6377 
MS 	: ATCAACTTCAATTTAAAGA CCATATGTTTCGTGGCCACCAAAGCCATGGAGAGTTTCTTCCTTGTTCCATAGAGAAAGAAAACAAGGAAGAGCAGGGCT : 6371 
* 	6420 	 * 	6440 	 * 	6460 	 * 	6480 	 * 	6500 
LW AATGAGGGCACCTC GCTTCAGTTTGGCCTCATCTGAGAGGAATTTCAGCTGCCACACAGAGCACAGGAAAGCA 	GTGTTAGCACCAGTGTGAAGAGC : 6475 
MS 	: AATGAGGGCACCTC GCTTCAGTTTGGCCTCATCTGAGAGGAATTTCAGCTGCCACACAGAGCACAGGAAAGCA 	GTGTT?kGCACCAGTGTGAAGAGC : 6471 
* 	6520 	 * 	6540 	 * 	6560 	 * 	6580 	 * 	6600 
LW CCCTGGGTTTGAACCCCGGCTCTGCCACTGACTCTCACTTGACTTCACTGTGGCTGAATGTCTCCTGATCTGCAA ATGGGATTGAGAATAATGAGGATG : 6575 
MS CCCTGGGTTTGAACCCCGGCTCTGCCACTGACTCTCACTTGACTTCACTGTGGCTGAATGTCTCCTGATCTGCAA ATGGGATTGAGAATAATGAGGATG 6571 
* 	6620 	 * 	6640 	 * 	6660 	 * 	6680 	 * 	6700 
LW ACACCTACTCCAGGATTAAGAGAAGGAATATTTATAAATAGTTTTGAAAGTATGCCTGGCTCACAGTCAGTGCTAAGTAAGAGTTTATTAAAGGAA GTT : 6675 
MS 	: ACACCTACTCCAGGATTAAGAGAAGGAATATTTATA.ATAGTTTTGAAAGTATGCCTGGCTCACAGTCAGTGCTAAGTAAGAGTTTATTAAAGGAA GTT : 6671 
* 	6720 	 * 	6740 	 * 	6760 	 * 	6780 	 * 	6800 
LW CC GAAAGAAGACCTTATGACAGGTATATCTAAGGC CTCTTTGACTGTGTCA GCTTGTTATGCTTATCCTAAGTTTTCAGGTTATCACTTAGAGATCC : 6775 
MS CC GAAAGAAGACCTTATGACAGGTATATCTAAGGC CTCTTTGACTGTGTCA GCT1GTTATGCTTATCCTAAGTTTTCAGGTTATCACTTAGAGATCC : 6771 
* 	6820 	 * 	6840 	 * 	6860 	 * 	6880 	 * 	6900 
LW TTGCI1CTTTTTTCTAGATGACAA1TGTGCAACTCTI'TTTTTTTT T GTPCCAACAAATACACAG1TGCTGTAGCCACATTGCTAAAGCCTGACCC 6875 
MS : TTGCTTCTTTTTTCTAGAATGACAAATGTGCAACTCFI'TTTTTTTT T GCTTTCCAACAAATACACAGATGCTGTAGCCACATTGCTM.AGCCTGACCC : 6871 
6940 	 x 6960 	 * 	6980 	 * 	7000 
LW : ATCTCAGAAGCAGACTTTCCTAGCGCCACAGGTACTTrTGATTTTAACTTATTTTAAATATTAAAATTCTCATGGTTAAAGAACCACCACCACAAATTGT : 6975 
MS : 	 : 6971 
* 	7020 	 * 	7040 	 * 	7060 	 * 	7080 	 * 	7100 
LW AACTACCAAGCAGGTCATTTAGCCTGATGAAATGGCTCTTTCCTGCTG TTGGTAAACATGAACTTCGAGCAACTGATCTGCCATGT GTCTTCCCTGCA : 7075 
MS AACTACCAAGCAGGTCATTTAGCCTGATGAAATGGCTCTTTCCTGCTG. TTGGTAAACATGAACTTCGAGCAACTGATCTGCCATGT GTCTTCCCTGCA : 7071 
* 	7120 	 * 	7140 	 * 	7160 	 * 	7180 	 * 	7200 
LW : AAGCCATCCACCAATGAGGC AAAAAATAA GACCTGCTGTGGATGGAA AGGCTACCTTCTGAArrTAP.AAATTAAGCATGTATGATGTACACTGA 7171 
MS AAGCCATCCACCAATGAGGC AAAAAATAA 	GACCTGCTGTGGATGGAA AGGCTACCTTCTGAATTTAAAAATAAGCATGTATGATGTACACTGA 7171 
* 	7227 	 7242 	 7262 	 * 	7280 	 * 	7300 
LW 	: 7271 
MS : 7271 
* 	7320 	 * 	7340 	 * 	7360 	 * 	7380 	 * 	7400 
LW AGAGGGACCAAGGAAGCCATTCTTTCTCCTAGTGACACTGCC GGGCTCAACTCCGGCAAAATTACGTTAGCAAATGATCCAGTAAATATCACGTCTAAA : 7371 
MS : AGAGGGACCAAGGAAGCCATTCTTTCTCCTAGTGACACTGCC GGGCTCAACTCCGGCAAAATTACGTTAGCAAATGATCCAGTAAATATCACGTCTAAA 7371 
* 	7420 	 * 	7440 	 * 	7460 	 * 	7480 	 * 	7500 
LW ATTTGCTCACCAAAAG GCAAGTATI'TCCTAAATGTCAAAAA TACCAGGTTTCTACAAATACGTTTACTGTGGCAGGAAGTGTTGACTCATGTCTGTTT 7470 
MS : ATTTGCTCACCAAAAG GCAAGTATTTCCTAAATGTCAAAAA TACCAGGTTTCTACAPATACGTTTACTGTGGCAGGAAGTGTTGACTCATGTCTGTTT : 7471 
* 	7520 	 * 	7540 	 * 	7560 	 * 	7580 	 * 	7600 
LW GAAATACTAAGCCT TTGCAGTTATTTAAGGTATGTGGTTGATGTCATCTAATACCTAATAAGTATCTAAATAATGCCTACCAkAAACAAGATTTTGCCT 7570 
MS : GAAATACTAAGCCT TTGCAGTTArI'TAAGGTATGTGGTTGATGTCATCTAATACCTAATAAGTATCTAAATAATGCCTACCAAAAACA.GATTTTGCCT : 7571 
* 	7620 	 * 	7640 	 * 	7660 	 * 	7680 	 * 	7700 
LW : CCAGGAACTTTTCTGTTCCTAACATrATAGTTTTTTAATAGCTCTTCTTTTTATTGGGACTATT ATATATTTCCTAAGCAAAGGGATAAGGTAAAGCTG 7670 
- 	MS CCAGGAACTTTTCTGTTCCTAACATTATAGTTTTTTAATAGCTCTTCTTTTTATTGGGACTATT ATATATTTCCTAPGCAAAGGGATAAGGTAAAGCTG : 7671 
* 	7720 	 * 	7740 	 * 	7760 	 * 	7780 	 * 	7800 
LW T TTCCTTAAGATTCCATTTGAAGGTGCTAAGAATCTCTAATAAGGAAAGGTAGATAAATAGCCC GTATATTTGCTAATCAGATGTTTAATAGACACGA : 7770 
MS : T TTCCTTAAGATTCCATTTGAAGGTGCTAAGAATCTCTAATAAGGAAAGGTAGATAAATAGCCC GTATATTTGCTAATCAGATGTTTAATAGACACGA : 7771 
* 	7820 	 * 	7840 	 * 	7860 	 * 	7880 	 * 	7900 
LW ACTGATTTTGAGCTGCAGTATATATTATAT TATATAT GGATAACAGAGTCACTTTTAATTATCCG ACTAATAGGGAAGGGATTTTGG : 7860 
MS ACTGATTTTGAGCTGCAGTATATAT TATAT TATATAT 	V'Ci GGATAACAGAGTCACTTTTAATTATCCG ACTAATAGGGAAGGGATTTTGG 7871 
* 	7920 	 * 	7940 	 * 	7960 	 * 	7980 	 * 	8000 
LW : GTG GGGGGTACACATTACTGATATATGAATGCTCTGAT GCCTGAGAATTCTCATTTCAAATAGAAAAAGAAATTCCACAGTTAGTATCTGTATTTATT : 7960 
MS GTG GGGGGTACACATTACTGATATATGAATGCTCTGAT GCCTGAGAATTCTCATTTCAAATAGAAAAAGAAATTCCACAGTTAGTATCTGTATTTATT 7971 
* 	8020 	 * 	8040 	 * 	8060 	 * 	8080 	 * 	8100 
LW : ACATTATTGAATTCAGGAAATTGAATAATGTCTAATGTGAACAAGGAAAAACAGTGTTATTACGTACGTATCGTACT AGATATTTGGCTTG.AAATACC 8060 
MS : ACATTATTGAATTCAGGAAATTGAATAATGTCTAATGTGAACAAGGAAAAACAGTGTTATTACGTACGTATCGTACT AGATATTTGGCTTG AAATACC : 8071 
* 	8120 	 * 	8140 	 * 	8160 	 * 	8180 	 * 	8200 
LW : 	AT AAAATAATTTTTGTGAGAAAG CAGAAAAAA GCCTGAATATGATGCCACTTATCATTG GTTAAAAGAGAAATCAGAAGATGCT GCTTTAGCGC : 8160 
MS : AT AAAATAATTTTTGTGAGAAAG CAGAAAAAA GCCTGAATATGATGCCACTTATCATTG GTTAAAAGAGAAATCAGAAGATGCT GCTTTAGCGC : 8171 
* 	8220 	 * 	8240 	 * 	8260 	 * 	8280 	 * 	8300 
LW CTAAGGGCCACGGAGTGCATTGTCCTGACTGCAAAGATTCTCACACGAAAGGAAGATAGTAAGCGGCAG TGCACTGTCGAGCTAAGGGGWTTAAPAA 8260 
MS CTAAGGGCCACGGAGTGCATTGTCCTGACTGCAAAGATTCTCACACGAAAGGAAGATAGTAAGCGGCAG TGCACTGTCGAGCTAAGGGGAAATTAAAA : 8271 
* 	8320 	 * 	8240 	 8_60 	 H 	80 	 8100 
LW CTCTCACACCCATGTTTCTGGCCATCTCGATATTT/UACCCTGCCAAGCAAGTCCAACGAAAGCCCTGAGCWCAGACGATGTGGACGACGACGACGAC 8360 
MS :CTCTCACACCCATGTTTCTGGCCATCTCGATATTTA ,.IACCCTGCCAAGCAAGTCCAACGAAAGCCCTGAGCAAACAGACGATGTGGACGACGACGACGAC: 8371 
* 	8420 	 * 	8440 	 k 	 8460 	 1 8480 	 a 8 W) 
LW GMACCACGTGGACAGCAGGGACACGGACTCCGAGGAAGCTGATCAC CTGACGACGCTGACCGTCCGACGAGTCTCATCACTCCGATGAATCCGATG : 8460 
MS §161@glilLlffjWACAGCAGGGACACGGACTCCGAGGAAGCTGATCAC CTGACGACGCTGACCGATCCGACGAGTCTCATCACTCCGATGAATCCGATG 8471 
* 	)() 	 * 0540 	 85h0 	 * 	850() 	 8600 
LW AGCTGGTCACCGATTTCCCCACCGACACCCCAGCAACCGACGTCACTCCGGCTGTCCCCAC GGAGACCCCAATGATGGCCG GGGGATAGTGTGG 	'1A 8560 
MS : AGCTGGTCACCGATTTCCCCACCGACACCCCAGCAACCGACGTCACTCCGGCTGTCCCCAC GGAGACCCCAATGATGGCCG GGGGATAGTGTGG 	TA : 8571 
14600 	 8o40 	 * 	8660 	 * 	8680 	 * 	8700 
LW 8660 
MS TGGACTGAGGTCAAAATCTAAGAAGTTCCGCAGATCCGAAGCCCAGGTAAATCCTGAAACAGACGCAGCCGATGGTTCCGAGGAGAGCCCTGTCCTAGGA: 8671 
* 	8720 	 * 	8740 	 * 	8760 	 * 	8780 	 * 	8800 
LW AACCAGAATCGGCA GCTCATGTATI GCTCATTCAGCCAGCATGACTACTTGAACACAAAACCTGTGTTTAAATCCACATAATTTCTCCCTAATTTTGT : 8760 
MS AACCAGAATCGGCA GCTCATGTAP GCTCATTCAGCCAGCATGACTACTTGAACACAAAACCTGTGTTTAAATCCACATAATTTCTCCCTAATTTTGT : 8771 
* 	8820 	 * 	8840 	 * 	8860 	 * 	8880 	 * 	8900 
LW CTCTCAATCACGAGGCAGTTTTTCCAAACCCTGGCTATAAAGCACTTATTCTATTCACTGTTTTAAATTTAAAAAGGACTTCCGAAAAGAGTAATTCTTT 8860 
MS CTCTCAATCACGAGGCAGTTTTTCCAAACCCTGGCTATAAAGCACTTATTCTATTCACTGTTTTAAATTTAAAAAGGACTTCCGAAAAGAGTAATTCTTT: 8871 
* 	8920 	 * 	8940 
LW : T CATGCTATCATGGTCAC TTTTGAAATTCAATGCAGAAGA 
MS T CATGCTATCATGGTCAC TTTTGAAATrCAATGCAGAAGA 
* 	9020 	 * 	9040 
LW ATGGCTTTGCCATTTACTACTCACATTACTTTTTAACTTCT 
MS : ATGGCTTTGCCATTTACTACTCACATTACTTTTTAACTTCT 





* 	8960 	 * 	8980 	 * 	9000 
CTTGGAGAGGTGCAAATTACACTGACTCCACAGTCAAAGGATCTGAATTTGGCAC : 8960 
	
CTTGGAGAGGTGCAAATTACACTGACTCCACAGTCAAAGGATCTGAATTTGGCAC 	8968 












SINE REPEAT ELEMENT 
* 	9220 	 * 	9240 	 * 	9260 
* 	9320 	 * 	9340 	 * 	9360 	 * 	9380 	 * 	9400 
LW : 	 GATTCCGTTTCCCTTT 
	
9360 
MS : GATTCCGTTTCCCTTT 9025 
* 	9420 	 * 	9440 	 * 	9460 	 * 	9480 	 * 	9500 
LW ATGTAAAACAGACGAGACCCGCCTCGTAGATTTCCT GCATAGATAATGGATGTGCCTATTAAAGTAAAGGAGATGACAGAGTAAAAGGACCTGGTGAAA 
	
9460 
MS : ATGTA.kAACAGACGAGACCCGCCTCGTAGATTTCCT GCATAGATAATGGATGTGCCTATTAAAGTAAAGGAGATGACAGAGTAAAAGGACCTGGTGA1A 9125 






* 	9620 	 * 	9640 	 * 	9660 	 * 	9600 	 * 	9700 
LW : TACAGTGTTCCCATCCCTGGCTGTTCATTTAATTCTTCTCCCATTTTTGCTGTGATTCAGCAGCTGGATGCCACAGAGGAAGACCTCACGTCACATGTdI 
	
9660 
MS TACAGTGTTCCCATCCCTGGCTGTTCATTTAATTCTTCTCCCATTTTTGCTGTGATTCACYGAGCTGGATGCCACAGAGGAAGACCTCACGTCACATGTGG 9325 
9740 	 0 
LW : AAAGTGAGGAGACGGATGGTACCCCCAAGGCCATCCT GTTGCCCAGCGCCTGCACGTGGCTTCTGACTTGGACAGCCAAGAGAAGGACAGTCAGGAGAC 
	
9760 
MS AAAGTGACGAGACGGATGGTACCCCCAAGGCCATCCT GTTGCCCAGCGCCTGCACGTGGCTTCTGACTTGGACAGCCAAGAGAAGGACAGTCAGGAGAC 9425 
* 	920 	 * 	9840 	 * 	9860 	 * 	9880 	 * 	9900 
LW : GAGTCAGCCGGATGACCGCAGTGTGGAAACCCGCAGCCAGGAGCAGTCCAAAGAATACACGATCAAGACCTATGATGGGAGCAATGAGCATTCCAATGTG 	9860 
MS : GAGTCAGCCGGATGACCGCAGTGTGGAACCCGCAGCCAGGAGCAGTCCAAAGAATACACGATCAAGACCTATGATGGGCAATGAGCATTCCAAT 	9525 
9040 	 A 99)0 	 I 0000 
LW ATTGAGAGTCAGGAAAAT CCAAGTCAGCCAAGAATTCCACAGCCATGAAGACAAGCTGGTCCCAGACTCTAAGAGCGAAGAAGACAAACACCTGAAC : 9960 
MS : ATTGAGAGTCAGGAAAAT CCAAAGTCAGCCAAGAATTCCACAGCCATGAAGACAAGCTGGTCCCAGACTCTAAGAGCGAAGAAGACAAACACCTGC 	9625 
* 	10020 	 * 	10040 	 * 	10060 	 * 	10080 	 * 	10100 
LW 	 GTCTTCTGAGATCAA 	GAGAAATACA TGTCTTACTTTGCTTTTAGTAAAAAGAAAAAAAAA ACATTG : 10060 
MS TcTCTCPI,GMTTAGAGA CGTCTTCTGAGATCAA AGAAATACA TGTCTTACTTTGCTTTTAGTAAP'AAGAkAAAAAAA ACATTG : 9725 
LW TAGC : 10064 
MS : TAGC 	9729 
Appendix III 
Experiments used to test the methodology of producing and hybridising microarray 
slides: 
Hypothesis: The comet tails will be removed by pre-blocking the slides. 
Blocking the slides will also reduce the intensity of the background noise. 
Methods: Before denaturing the slides, immerse them in BSA solution (1% w/v 
Bovine Serum Albumin V (Sigma), 3x SSC and 0.1% SDS) and block them for 
20 minutes in a water bath at 550  C. 
Results: An example of an array on replicate slides, where the formation of 
comet tails was particularly noticeable without BSA block. 
Without BSA block 
	
With BSA block 
With the BSA block the comet tails do seem to be reduced, however so does the 
spot intensity. When these two slides were analysed there was too much overlap 
on the scatter plot between the three classes of genotypes to be able to 
differentiate between them, however the results were clearer for the slide without 
the block. This indicates that the background level was too high for both slides. 
It was realised that by ensuring that when denaturing the slides the water was 
boiling vigorously and the slides were immersed for no less than 60 seconds, the 
formation of comet tails could be greatly reduced. Therefore blocking of the 
slides would not be performed, in order to maximise the intensity of the signal. 
Hypothesis: The 48-pin tool does not print as clearly as the 16-pin tool. 
Methods: Slides were reprinted using the 16-pin tool and two 4x4 array grids 
were printed on each slide. 
Results: The spots on the re-printed slides had a "do-nut" morphology, 
suggesting that the DNA spots had dried out too much either during the printing 
315 
of the slides or possibly during baking. It was therefore not possible to analyse 
the intensity of the spots and compare the quality of the slides with those 
previously printed with the 48-pin tool. 
Hypothesis: Adding a higher concentration of probe will increase the 
fluorescence intensity of the spot. 
Methods: Hybridise slides from the same batch with 6 gM, 5 1iM and 3 jiM of 
each probe (previously used 3 jiM). 
Results: The spots on the slides probed with 6 and 5 j.tM were fainter than with 
3 jiM. It appears that 3 jiM is the optimum concentration of probe, any higher 
than this results in less efficient binding of the DNA to the "target DNA" on the 
slide. 
Hypothesis: Less stringent wash conditions will increase the intensity of the 
spots. 
Methods: The slides were washed in 5x SSC with 0.05 % SDS for both 10 and 5 
minutes and then 5x SSC for both 10 and 5 minutes. The final wash in water was 
removed and the slides were spun immediately to prevent the salt from the SSC 
wash drying onto the slide. 
Results: The spots appeared to be brighter than the original slides and the slides 
washed for 5 minutes were brighter than those washed for 10 minutes. However 
for both, the intensity of the background was also increased and therefore the net 
result was no better than before. 
Hypothesis: The probes are light sensitive and repeated freeze thawing exposes 
them to the light and bleaches them. Therefore by making several aliquots from 
the stock solution and using each one only once for a single hybridisation reduces 
the loss of their activity. 
Methods: Hybridise slides with fresh aliquots of probes at a concentration of 
3 jiM. 
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Results: The spot intensity was higher than with the original experiment and due 
to the more vigorous denaturing conditions no comet tails were observed. 
Freeze/thawed probes 
	Fresh aliquots of probes 
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